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SUMMARY 


This publication is intended to provide guidance in determining crop water 
requirements and their application in planning, design and operation of irrigation 
projects. 


Part 1.1 presents suggested methods to derive crop water requirements. 
The use of four well-known methods for determining such requirements is defined 
to obtain reference crop evapotranspiration (ETo), which denotes the level of evapo- 
transpiration for different climatic conditions. These methods are the Blaney- 
Criddle, the Radiation, the Penman and Pan Evaporation methods, each requiring 
a different set of climatic data. To derive the evapotranspiration for a specific 
crop, relationships between crop evapotranspiration (ETcrop) and reference crop 
evapotranspiration (ETo)are given in Part1.2 for different crops, stages of growth 
length of growing season and prevailing climatic conditions. The effect of local 
conditions on crop water requirements is given in Part 1.3; this includes local 
variation in climate, advection, soil water availability and agronomic and irrigation 
methods and practices. Calculation procedures are presented together with examples. 
A detailed discussionon selection and calibration of the presented methodologies 
together with the data sources is given in Appendix Il. A computer programme on 
applying the different methods is given in Appendix lI1. Sat 


Part ll discusses the applicationof crop water requirements data in irriga- 
tion project planning, design and operation. Part Il.1 deats with deriving the field 
water balance, which in turn forms the basis for predicting seasonal and peak 
irrigation supplies for general planning purposes. Attention is given to irrigation 
efficiency and water requirements for cultural practices and leaching of salts. In 
Part II.2 methods are presented to arrive at field and scheme supply schedules with 
emphasis towards the field water balance and field irrigationmanagement. Criteria 
are given for operating the canal systemusing different methods of water delivery, 
and for subsequent design parameters of the system. Suggestions are made in 
Part II.3 on refinement of field and project supply schedules once the project is in 
operation. 


The presented guidelines are based on measured data and experience obtained 
covering a wide range of conditions. Local practical, technical, social and econo- 
mic considerations will, however, affectthe planning criteria selected. Therefore 
caution and a critical attitude should still be taken when applying the presented 
methodology. 
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CLIMATOLOGICAL NOMENCLATURE 


Where climatic data are not used as direct input data but general levels of climatic variables 


are needed, the following nomenclature is used: 


TEMPERATURE 

General 
hot Tmean > 30°C 
cool Tmean <¢ 15°C 


HUMIDITY 


RHmin, minimum relative humidity 
Blaney-Criddle ad.1.1) 


Crop coeff. (1.2) 


< 20% 
> 70% 


dry 
humid 


RHmean, mean relative humidity 
Radiation method (1.1.2) Pan method (1.1.4) 


< 40% 
40-70% 


low 
medium-low 


medium-high > 70% 
high 
WIND 
General 
| light <2 m/sec <175 km/day 
| moderate 2-5 m/sec 175-425 km/day 
| strong 5-8 m/sec 425-700 km/day 
very strong >8 m/sec > 700 km/day 


RADIATION 
Blaney-Criddle (1.1.1) 


sunshine n/N 
low 

medium 

high 


cloudiness 

low >5 Pe A 

medium 2-5 1.5-4 
| high <2 <1.5 


Tiiesncs Tmax + Tmin 


data collected from max/min thermometer or 
thermograph records. 


RHmin is lowest humidity during daytime and is 


_reached usually at 14.00 to 16.00 hrs. From 


hygrograph or wet and dry bulb thermometer. 
For rough estimation purposes when read at 
12.00 hrs subtract 5 to 10 for humid climates 
and up to 30 for desert climates. 


RHmean is average of maximum and minimum 

relative humidity or RHmean = (RHmax + RHmin)/2. 
Whereas for most climates RHmin will vary strongly, 
RHmax equals 90 to 100% for humid climates, equals 
80 to 100% for semi-arid and arid climates where 
Tmin is 20-25°C lower than Tmax. In arid areas 
RHmax may be 25-40% when Tmin is 15°C lower than 
Tmax. 


For rough estimation purposes sum of several wind- 
speed observations divided by number of readings in 
m/sec or multiplied by 86.4 to give. wind run in km/day. 
With 2 m/sec: wind is felt on face and leaves start 

to rustle ‘ 


.With 5 m/sec: twigs move, paper blows away, flags 


y 
With 8 m/sec: dust rises, small branches move 
With > 8 m/sec: small trees start to move, waves 
form on inland water etc. 


Ratio between daily actual (n) and daily maximum 
possible (N) sunshine duration. d 


n/N > 0.6: near bright sunshine all day 

n/N0.6 -0.8: some 40% of daytime hours full 
cloudiness or partially clouded for 
70% of daytime hours. 


Mean of several cloudiness observations per day 
on percentage or segments of sky covered by clouds. 


4 oktas : 50% of the sky covered all daytime 
hours by clouds or half of daytime 
hours the sky is fully clouded 

1.5 oktas : less than 20% of the sky covered all 


daytime hours by clouds or each day 
the sky has a full cloud cover for 
some 2 hours. 


Part I~ CALCULATION OF CROP WATER REQUIREMENTS 


Prediction methods for crop water requirements are used owing to the difficulty of obtaining 
accurate field measurements. The methods often need to be applied under climatic and agronomic 
conditions very different from those under which they were originally developed. Testing the accur- 
acy of the methods under a new set of conditions is laborious, time-consuming and costly, and yet 
crop water requirement data are frequently needed at short notice for project planning. To meet 
this need, guidelines are presented to calculate water requirements of crops under different climatic 
and agronomic conditions, based on the recommendations formulated by the FAO Group on Crop 
Water Requirements during its meetings held in Lebanon (1971) and Rome (1972). The guidelines 
were subsequently refined using the comments received and experience obtained in applying them as 
presented in the 1975 draft version of this paper. For a detailed description of the presented 
methodology see Appendix Il. 


Crop water requirements are defined here as "the depth of water needed to meet the water 
loss through evapotranspiration (ETcrop) of a disease-free crop, growing in large fields under non- 
restricting soil conditions including soil water and fertility and achieving full production potential 


under the given growing environment". To calculate ETcrop a three-stage procedure is recommended: 


(1) The effect of climate on crop water requirements is given by the reference crop evapotrans- 


piration (ETo) which is defined as “the rate of evapotranspiration from an extensive surface 
of 8 to 15 cm tall, green grass cover of uniform height, actively growing, completely shading 
the ground and not short of water". The four methods presented, the Blaney-Criddle, 
Radiation, Penman and Pan Evaporation method, are modified to calculate ETo using the 

mean daily climatic data for 30- or 10-day periods. ETo is expressed in mm per day and 
represents the mean value over that period. Primarily the choice of method must be based 
on the type of climatic data available and on the accuracy required in determining water needs. 


Climatic data needed for the different methods are: 


Method Temperature Humidity Wind Sunshine Radiation Evaporation Environ. 
Blaney-Criddle * 0) 0) 0) 0 
Radiation * 0) 0) = *) 0 
Penman * * * * (*) 0 
Pan evaporation 0) 0 * 

* measured data; O estimated data; (*) if available, but not essential 


Concerning accuracy, only approximate possible errors can be given since no base-line type 
of climate exists. The modified Penman method would offer the best results with minimum 
possible error of plus or minus 10 percent in summer, and up to 20 percent under low evap- 
orative conditions. The Pan method can be graded next with possible error of 15 percent, 


depending on the location of the pan. The Radiation method, in extreme conditions, invclves 


1/ ETo will, however, vary from year to year and a frequency distribution analysis of ETo for each 
year of climatic record is recommended; the selected ETo value for planning is thus not based on 
average conditions but on the likely range of conditions and on an assessment of tolerable risk of 
not meeting crop water demands. - 


rae 


‘a possible error of up to 20 percent in summer. The Blaney-Criddle method should only be 
applied for periods of one month or longer; in humid, windy, mid-latitude winter condition: 
an over and under prediction of up to 25 percent has been noted (l.1). A comprehensive 


computer programme employing all four methods is given in Appendix II1. 


(2) The effect of the crop characteristics on crop water requirements is given by the crop co- 


efficient (kc) which presents the relationship between reference (ETo) and crop evapotrans- 
piration (ETcrop) or ETcrop = kc. ETo. Values of kc given are shown to vary with the 
crop, its stage of growth, growing season and the prevailing weather conditions. ETcrop 
can be determined in mm per day as mean over the same 30- or 10-day periods. Since the 
same reference is used, i.e. ETo, the presented crop coefficients apply to each of the four 


methods (1.2). 


(3) The effect of local conditions and agricultural practices on crop water requirements includes 


the local effect of variations in climate over time, distance and altitude, size of fields, 
advection, soil water availability, salinity, method of irrigation and cultivation methods and 


practices, for which local field data are required (1.3). 


Before calculating ETcrop, a review should be made of specific studies carried out on crop 
water requirements in the area and available measured climatic data. Meteorological and research 
stations should be visited and environment, siting, types of instruments and observation and recording 
practices should be appraised to evaluate accuracy of available data. If limited data from several 
meteorological stations are available for the project area, an improved analysis will result by prep- 
aring maps including isolines of equal values of needed climatic variables. Data relevant to crop type 


and crop development stages, and agricultural practices, should be collected. 


CALCULATION PROCEDURES 
Reference crop evapotranspiration (ETo) 


Collect and evaluate available climatic and crop data; based on meteorological data available 
and accuracy required, select prediction method to calculate ETo. 

Compute ETeo for each 30- or 10-day period using mean climatic data. 

Analyse magnitude and frequency of extreme values of ETo for given climate. 


Crop coefficient (kc) 


Select cropping pattern and determine time of planting or sowing, rate of crop development, 
length of crop development stages and growing period. 

Select ke for given crop and stage of crop development under prevailing climatic conditions 
and prepare for each a crop coefficient curve. , 


Crop evapotranspiration (ET crop) 
Calculate ETcrop for each 30- or 10-day period: ETcrop = kc. Eres2! 


3. Factors affecting ETcrop under prevailing local conditions 


Determine effect of climate and its variability over time and area. 

Evaluate the effect of soil water availability together with agricultural and irrigation 
practices. 

Consider relationship between ETcrop and level of crop production. 


fay 
. 


be 


i/ : 
=" Step 2 will need to be repeated for alternative cropping patterns to obtain the optimum as 
influenced by climate, soil, land and water availability, management criteria and production 


criteria. 


3. 


1. CALCULATION OF REFERENCE CROP EVAPOTRANSPIRATION (ETo) 


1.1 BLANEY-CRIDDLE METHOD 


This method is suggested for areas where available climatic data cover air temperature data 
only. 


The original Blaney-Criddle equation (1950) involves the calculation of the consumptive use 
factor (f) from mean temperature (T) and percentage (p) of total annual daylight hours occurring during 
the period being considered. An empirically determined consumptive use crop coefficient (K) is then 
apes’ to establish the consumptive water requirements (CU) or CU = K.f = K(p.T/100) with T in 

°F. CU is defined as 'the amount of water potentially required to meet the evapotranspiration needs 
of vegetativ:. areas so that plant production is not limited by lack of water’. The effect of climate on 
crop water requirements is, however, insufficiently defined by temperature and day length; crop 
water requirements will vary widely between climates having similar values of T and p- Consequently 
the consumptive use crop coefficient (K) will need to vary not only with the crop but also very much 


with climatic conditions. 


For a-better definition of the effect of climate on crop water requirements, but still 
employing the Blaney-Criddle temperature and day length related f factor, a method is presented to 
calculate reference crop evapotranspiration (ETo). Using measured temperature data as well as 
general levels of humidity, sunshine and wird, an improved prediction of the effect of climate on 
evapotranspiration should be obtainable. The presented crop coefficients given under I.2 are 


considered to be less dependent on climate. 


Recommended Relationships 


The relationship recommended, representing mean value over the given month, is expressed 
as: 
ETo = c{ pO. 46T + 8)] ’ mm/day 


= reference crop evapotranspiration in mm/day for the month considered 

= mean daily temperature in OC over the month considered 

= mean daily percentage of total annual daytime hours obtained from 
Table 1 for a given month and latitude 

C = adjustment factor which depends on minimum relative humidity, 

sunshine hours and daytime wind estimates 


Figure 1 can be used to estimate ETo graphically using calculated values of p(0.46T + 8). 
The value of p(0.46T + 8) is given on the X-axis and the value of ETo can be read directly from the 
Y-axis. Relationships are presented in Figure 1 for (i) three levels of minimum humidity (RHmin); 
(ii) three levels of the ratio actual to maximum possible sunshine hours (n/N); and (iii) thrée 
ranges of daytime wind conditions at 2m height (Uday). 4/ Information on general monthly or 


1/ Note that air humidity refers here to minimum daytime humidity and that wind refers to daytime 
wind. If estimates of 24 hour mean wind are available, these need to be converted to daytime 
wind. Generally Uday/Unight = 2 and mean 24-hrwind data should be multiplied by-1.33 to obtain 
mean daytime wind. For areas with either Bg eee night or daytime wind, the following 
factor can be used: Uday/Unight ratio 1.0 1.5 2.0 2.5 3.0 3.5 4.0 

correction for Uday 1.0 1.2 1.33 1.43 1.5 1.56 1.6 


ee 


seasonal weather conditions and approximate range of RHmin, n/N and Uday for a given site may be 
obtained from published weather descriptions, from extrapolation from nearby areas or from local 
information. The nomenclature used to depict general levels of humidity, sunshine and wind is given 


under Climatological Nomenclature in the introductory pages of this publication. 


After determining ETo, ETcrop can be predicted using the appropriate crop coefficient (kc), 
or ETcrop = kc. ETo (2). 


Additional Considerations 


Since the empiricism involved in any ET prediction method using a single weather factor is 
inevitably high, this method should only be used when temperature data are the only measured 
weather data available.. It should be used with scepticism (i) in equatorial regions where tempera- 
tures remain fairly constant but other weather parameters will change; (ii) for small islands and 
coastal areas where air temperature is affected by the sea temperature having little response to sea- 
sonal change in radiation; (iii) at high altitudes due to the fairly low mean daily temperatures (cold 
nights) even though daytime radiation levels are high; and (iv) in climates with a wide variability 
in sunshine hours during transition months (e.g. monsoon climates, mid-latitude climates during 
spring and autumn). The Radiation Method is preferable under these conditions even when the sun- 
shine or radiation data need to be obtained from regional or global maps in the absence of any actual 


measured data. 


At high latitudes (55° or more) the days are relatively long but radiation is lower as 
compared to low and medium latitude areas having the same day length values. This results in an 
undue weight being given to the day length related p factor. Calculated ETo values should be 
reduced by up to 15 percent for areas at latitudes of 55° or more. Concerning altitude, in semi- 
arid and arid areas ETo values can be adjusted downwards some 10 percent for each 1 000 m altitude 


‘change above sea level. 


Calculation of mean daily ETo should be made for periods no shorter than one month. Since 
for a given location climatic conditions and consequently ETo may vary greatly from year to year, 
ETo should preferably be calculated for each calendar month for each year of record rather than by 


using mean temperatures based on several years' records. 


The use of crop coefficients (K) employed in the original Blaney-Criddle approach is 
rejected because (i) the original crop coefficients are heavily dependent on climate, and the wide 
variety of K values reported in literature makes the selection of the correct value difficult; (ii) the 
relationship between p(0.46T + 8) values and ETo can be adequately described for a wide range of 
temperatures for areas having only minor variation in RHmin, n/N and U; and (iii) once ETo has 


been determined the crop coefficients (kc) presented herein can be used to determine ETcrop. 


Sample C alculations 


The simple calculation procedure to obtain the mean daily value of p(0.46T + 8) in mmis 


illustrated using measured mean daily temperature and the day length factor for one month. With . 
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monthly humidity, wind and sunshine data (in this case obtained from published weather descriptions) 
the value of ETo for that month can be obtained using Figure J. A format for the necessary 


calculation procedures is also given. 


EXAMPLE: 
Given: 
Cairo, Arab Republic of Egypt; latitude 30°N; altitude 95 m; July. 
Calculation: oe 
(monthly data) 
Tmax = Tmax daily values/31 36°. 26 
Tmin % Tmin daily values/31 22 % 
T daily mean 2 Tmean or i Tmax + Stn = 2 28.5 °C 
P from Table 1] for 30°N 0.31 
pO.46T +8) 0.3100.46 x 28.5 + 8) 6.6 mm/day 
RHmin from Climates of Africa, Griffith (1972) medium 
n/N eS " " i " u high to medium 
U2 daytime " os " ‘i 2 - moderate 
ETo Fig. 1 - Block Il and Block V (line 2) 8.0 mm/day 

Yearly data (using measured temperature data) 

J F M A M J J A S O ND 
Tmean °C 14 15 17.5 21 25.5 27.5 28.5 28.5 26 24 20 15.5 
p 0.24 0.25 0.27 0.29 0.32 0.32 0.31 0.30 0.28 0.26 0.24 0.23 
p(0.46T +8) 3.5 3.8 4.4 5.2 6.2 6.7 6.6 6.4 5.7 5.0 4.2 3.5 
using general information and references on humidity, sunshine and wind (Climates 
of Africa, Griffith, 1972): 
: ; Block Li 

RHmin n/N U daytime ris, 1 Fig. 1 
Oct-March medium medium light/mod Vv 1- gil 
April-May low/med high/med moderate Iv, Vay 2 

1& ll- 

June-July medium high/med moderate - 1e vi 2 1/ 
Aug-Sept medium high/med _—_ light /mod 11& V1/ 1-2= 


using Figure 1: 
J F M A M j J A S .e) N D 


ETomm/day 2.8 3.3 4.] 6.5 8.0 8.2 8.0 7.2 6.2 4.6 3. 
mm/month 87 92 127 195 248 246 248 223 186 142 10 


iy interpolation required; for instance for May between Blocks IV, V, I and 11 of 
(0.46T +8) = 6.2 mm/day and ETo = (8.3 4+ 7.14+9.0+7.7)+4 = 8.0 mm/day. 
P 
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Table 1 Mean Daily Percentage (p) of Annual Daytime Hours 
for Different Latitudes 


North Jan Feb Mar Apr May June July Aug = Sept 
Southt/| July Aug Sept Oct Nov Dec Jan Feb | Mar 


Latitude 


1/ Southern latitudes: apply 6 month difference as shown. 


Format for Calculation of Blaney-Criddle Method 


Country: Wk ; . Latitude : #o™ 
DATA Period : /u/y Place: Caro Fongiteles gs 
‘Tmean 285°C T mean data 


latitude Jo : 


month july 


P - Table 1 


calc p(O.46T + 8) 


RHmin % estimate 

n/N estimate 

Uy daytime : estimate 
m/sec 


Fig. 1 Block/line 


ETo Fig. 1 


Oct 


Altitude: fo? 


mm/day 


RHmin Medium (20 - 50%) RHmin High (>50%) 


} 3... daytime: & © m/sec (26.5) 
9r2. 5 daytime + 2-5 m/sec (= 3.5) 


1. U dayt 0.2 m/s slit — 
8 daytime n/sec (21.4) f & 
s ° 
> : f 
Z G 
~ 6 : 3 
= G 
E 5 | . 
o z 
reg e 
i: wv 
= 
3 sb 
2 
2 a 
ie 
| 
8 
1{ £3. U daytime: 5-8 m/sec (= 6, 5} 
2. U aaytime: 2-5 m/sec (+ 3.5) 
10 Fi. U daytime: 0-2 m/sec (> 1,0) 
9 
8 


~d 


ETo, mm/day 
o 
Sunshine n/N Medium (z 0. 7) 


1 
5 St r 
: 21 | 
=] t 
ra i 
gl 
3 Sy 
Bt 
ey 
2 Ee, 
q1 


- N 
1 ar Creare ee | 
tt 


eo 


3 


3. U daytime 5-Hr/ser (26 5) 
2. U daytime 2-5 m/sec (=3.5) 


U davtime 0-2 m/sec (21 


. 9) 


»D 


ETo, mm/day 
n N 


uw 
Sunshine n/N High ( 


iL 


oe eae ea Ca Ca 
2 3 4 5 4 
f: n(Q. Nees f= p(0.46t + 8) t- p(0.46t + &). 


Fig. 1 Prediction of ETo from Blaney-Criddle f factor for different conditions 
of minimum relative humidity, sunshine duration and day time wind. 


1.2 RADIATION METHOD 


The Radiation Method is essentially an adaptation of the Makkink formula (1957). This 
method is suggested for areas where available climatic data include measured air temperature and 
sunshine, cloudiness or radiation, but not measured wind and humidity. Knowledge of general 
levels of humidity and wind is required,and these are to be estimated using published weather 


descriptions, extrapolation from nearby areas or from local sources. 


Relationships are given between the presented radiation formula and reference crop evapo- 


transpiration (ETo), taking into account general levels of mean humidity and daytime wind (Figure 2). 


The Radiation method should be more reliable than the presented Blaney-Criddle approach. 
In fact, in equatorial zones, on small islands, or at high altitudes, the Radiation method may be more 
reliable even if measured sunshine or cloudiness data are not available; in this case solar radiation 


1/ 


maps prepared for most locations in the world should provide the necessary solar,radiation data.~ 


Recommended Relationships 


The relationship recommended (representing mean value over the given period) is expressed 


as: 
ETo = -(W-Rs) mm/day 


where: ETo = reference crop evapotranspiration in mm/day for the periods considered 
‘ Rs = solar radiation in equivalent evaporation in mm/day 
Ww = weighting factor which depends on temperature and altitude 
c = adjustment factor which depends on mean humidity and daytime wind 


conditions 


To calculate solar radiation (Rs) from sunshine duration or cloudiness data, to determine the 
weighting factor (W) from temperature and altitude data and to select the appropriate adjustment as 
given by the relationship between W.Rs and ETo in Figure 2 for different mean humidity and daytime 


wind conditions, the following procedure is suggested. 


(a) Solar radiation (Rs) 


The amount of radiation received at the top of the atmosphere (Ra) is dependent on latitude 


and the time of year only; values are given in Table 2. Part of Ra is absorbed and scattered ‘chen 
passing through the atmosphere. The remainder, including some that is scattered but reaches the 
earth's surface, is identified as solar radiation (Rs). Rs is dependent on Ra and the transmission 
through the atmosphere, which is largely dependent on cloud cover. Radiation is expressed in several 
units; converted into heat it can be related to the energy required to evaporate water from an. open 


water surface. The unit equivalent evaporation in mm/day is employed here (reference is made to the 


1 . 

1/ See for instance: Solar Radiation and Radiation Balance Data; Routine Observations for the 
Whole World. Published under WMO auspices in Leningrad, USSR. 
WMO, Data on the Intern. Geoph. Year. Forms El, E2 and E3. 
J.N. Black (1956). Distribution of solar radiation over the earth's surface. 
H.E. Landsberg (several volumes) World Survey of Climatology, Elsevier. 


conversion factors in the introductory pages). 


Rs can be measured directly but is frequently not available for the area of investigation. |). 
this case, Rs can also be obtained from measured sunshine duration records as follows: 


Rs = (0.25+0.50 n/N) Ra 2/ 


where n/N is the ratio between actual measured bright sunshine hours and maximum possible sunshine 
hours. Values of N for different months and latitudes are given in Table 3. Data forn, for instance 
using the Campbell Stokes sunshine recorder, should be available locally. Both n and N are expressed 
in mean daily values, in hours. Values of Ra in mm/day for different months and latitudes are give in 


Table 2. Rs is obtained in mean equivalent evaporation in mm/day for the period considered. 


EXAMPLE: 

Given: , 

Cairo; latitude 30°N; July; sunshine (n) mean 11.5 h/day. 
Calculation: ; 

Ra from Table 2 = 16.8 mm/day 

N from Table 3 = 13.9 h/day 

Rs (0.25 + 0.50 n/N)Ra = (0.25 + 0.50 x 11.5/13.9)16.8 


11.2 _mm/day 


Cloudiness observations can be used to calculate Rs. Several daily visual observations o! 
cloud cover are needed for: sufficiently long periods. Cloudiness is expressed in oktas (0 to 8) ani 
sometimes in tenths (O to 10) which must first be converted to the n/N ratio. It is preferable to use 
locally derived relationships between cloudiness and sunshine since scatter in conversion factors 


from location to location has been noted. An indicative conversion can be obtained from the {sliowns 


table: 

Cloudiness (oktas) ) 1 Z 3 4 5 6 7 8 
n/N ratio 95 .85*.75 .65 .55 .45 .35 .15°- 
Cloudiness (tenths) 6) 1 2 3 4 5 6 zi 8 9 #19 
n/N ratio -95 .85 .8 .75 .65 .55 .5 .4 .3 .15 - 
EXAMPLE: 

Given: ‘ ; 

Cairo; latitude 30°N; July; cloudiness, oktas 1. 

Calculation: 

Ra from Table 2 = 16.8 mm/day 

n/N from Table given or 


locally determined 
conversion factor = 0.85 
Rs (0.25 + 0.50 n/N)Ra = (0.25 +0.50 x 0.85)16.8 
: = 11.3 mm/day . 


iJ For practical purposes values of 0.25 and 0.50 can be used. For some regions local values hive 
been determined and these are listed in Appendix VI. 


NO 


(b) Weighting factor (W) 


The weighting factor (W) reflects the effect of temperature and altitude on the relationship 
between Rs and Eros Values of W as related to temperature and altitude are given in Table 4. 
Temperature reflects the mean air temperature in °C for the period considered. Where temperature 


1s given as Tmax and Tmin, the temperature (Tmax + Tmin)/2 should be used. 


EXAMPLE: 

Given: a 
Cairo; altitude 95m; Tmean 28.5°C. 
Calculation: 

W from Table 4 = 0.77 


(c) Adjustment factor (c) 


The adjustment factor (c) is given by the relationship between the radiation term (W.Rs) 
and reference crop evapotranspiration (ETo) and is shown graphically in Figure 2. It depends 


greatly on general levels of mean relative humidity (RHmean) and daytime wind (07.00-19.00 hours) 


at 2 m height above the soil surface. 
EXAMPLE: 
Given: 
Cairo; latitude 30°N; altitude 95m; July; Rs = 11.2 mm/day; W = 0.77; 
W.Rs = 8.6mm/day; wind daytime = moderate; RHmean = medium. 
Calculation: 
From Fig. 2 RHmean = medium 
Uday = moderate Block II & HI, line 2 
ETo (for W.Rs = 8.6 mm/day) (8.7 + 8.0)/2 = 8.4 mm/day 


Additional Considerations 


With the inclusion of calculated or measured radiation and with partial consideration of 


temperature, only general levels of daytime wind and mean relative humidity need to be selected. 


Except for equatorial zones, climatic conditions for each month or shorter period vary 
from year to year, and consequently ETo varies. Calculations should preferably be made for each 
month or period for each year of record rather than using mean radiation and mean temperature data 
based on several vears of record. A value of ETo can then be obtained to ensure that water 


requirements will be met with a reasonable degree of certainty. 


Sample Calculations 


Using mean daily temperature and sunshine hour data, the example provides the necessary 
calculations to obtain the mean daily value of ETo in mm for each month. A formatforthe necessary 


calculation procedures is also given. 


) 7 , , 
i/ Ww =A l(a+ 9X) where 4 is the rate of change of the saturation vapour pressure with temperature 
and ¥ is the psychrometric constant. 


2/ See ncte l/on page 3. 
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EXAMPLE: 
Given: 
Cairo; latitude 30°N; altitude 95m; July. Tmean = 28.5°C; sunshine 


(n) mean = 11. 5 h/day; wind daytime U=moderate; RHmean = medium. 
Calculation: 


Ra from Table 2 = 16.8 mm/day 
Rs (0.25 + 0.50 n/N)Ra n = 11.5 h/day 
from Table 3 = 13.9 h/day 
n/N = 0.83 
Rs = 11.2 .mm/day 
W from Table 4 = 0.77 
W.Rs = 8.6 mm/day 
ETo from Fig. 2, Blocks Il and 
Ill, line 2 = 8.4 | mm/day 


Yearly data: Cairo, with solar radiation (Rs) given in mm/day. 


J F M A M J J A S O N D 
Tmean °C 14 15 17.5 21 25.5 27.5 28.5 28.5 26 24 20 15.5 
Rs mm/day 5.0 6.4 8.5 9.9 10.9 11.4 11.2 10.4 9-1 7.1 5.5 4.6 
RHmean ) lll lll lll ll Il Il av.liav.ll Ill II av.1ll av. Ill 
& Il oe & 1V & IV 
Wind daytime ) ane av. av. av. 4 2 2 av. av. av. av. 
1&2 1&2 1&2 1&2 1K 2 1&2 1&2 1&2 1&2 
W 0.61 0.62 0.65 0.70 0.74 0.76 0.77 0.77 0.75 0.73 0.68 0.63 
(W.Rs) 3.0 4.0 5.5 6.9 8.1 8.7 8.6 8.0 6.8 5.2 3.7 2.9 
Tomm/day 2. 3.4 4.8 6.7 8.2 8.8 8.4 7.4 6.0 4.5 3.0 2.2 
mm /monii . 95 149 201 254 264 260 229 180 140 90 68 
Format for Calculation of Radiation Method 
4 : caumtr “Ae ko acet oe Latitude :#0W : cies 
DATA ferot (ote 2 ; sods Lengitude soe Altitude: gr 
latitude ZOW|] Ra mm/day es 2 
month f“y 
n mean “Shr/ n data 
latitude 30%V 
month /44y N Table 3 
n/N calc 
(or cloudiness) or Table text 
(0.25+0.50n/N) calc 
calc 
Tmean 286°C : 
altinide 9% m Table 4 
cale 


RHmean % estimate Tne 


U daytime estimate Med. | 


m/sec 
Fig. 2 Block/line oe 


ETo mm/day py | 


1/ as measured or obtained from regional or worldwide maps of solar radiation. 
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Fig. 2 Prediction of ETo from W.RS for different conditions of mean 
relative humidity and day time wind. 


aoe eet 


1.3 PENMAN METHOD 


For areas where measured data on temperature, humidity, wind and sunshine duration or 
radiation are available, an adaptation of the Penman method (1948) is suggested; compared to the 


other methods presented it is likely to provide the most satisfactory results. 


The original Penman (1948) equation predicted evaporation losses from an open water 
surface (Eo). Experimentally determined crop coefficients ranging from 0.6 in winter months to 0.8 
in summer months related Eo to grass evapotranspiration for the climate in England. The Penman 
equation consisted of two terms: the energy (radiation) term and the aerodynamic (wind and humidity) 
term. The relative importance of each term varies with climatic conditions. Under calm weather 
conditions the aerodynamic term is usually less important than the energy term. In such conditions 
the original Penman Eo equation using a crop coefficient of 0.8 has been shown to predict ETo closely, 
not only in cool, humid regions as in England but also in very hot, and semi-arid regions. It is under 
windy conditions and particularly in the more arid regions that the aerodynamic term becomes 


relatively more important and thus errors can result in predicting ETo when using 0.8 Eo. 


A slightly modified Penman equation is suggested here to determine ETo, involving a 
revised wind function term. The method uses mean daily climatic data; since day and night time 
weather conditions considerably affect the level of evapotranspiration, an adjustment for this is 


included. 


The procedures to calculate ETo.may seem rather complicated. This is due to the fact that 
the formula contains components which need to be derived from measured related climatic data when 
no direct measurements of needed variables are available. For instance, for places where no direct 
measurements of net radiation are available, these can be obtained from measured solar radiation, 
sunshine duration or cloudiness observations, together with measured humidity and temperature. 
Computation techniques and tables are given here to facilitate the necessary calculations. A format 


for calculation is also given. 


Recommended Relationships 


The form of the equation used in this method is: 


ETo = c[{W.Rn + (1-W).f(u).(ea-ed)] 


radiation aerodynamic 
term term 
where: ETo = reference crop evapotranspiration in mm/day 
W = temperature-related weighting factor 
Rn = net radiation in equivalent evaporation in mm/day 
fu) = wind-related function 
(ea-ed) = difference between the saturation vapour pressure at mean 


air temperature and the mean actual vapour pressure of the air, 
both in mbar 

c = adjustment factor to compensate for the effect of day and night 
weather conditions 
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Additional Considerations 


Due to the interdependence of the variables composing the equation, the correct use of 


units in which variables need to be expressed is important. Use ofthe correct units is shown in the 


examples presented. 


The suggested wind function applies to conditions found during summer, with moderate winds, 
RHmax of about 70 percent and day-night wind ratios of 1.5 to 2.0; no adjustment is required for 
these conditions. However, if 24-hour wind totals are used there will be an under-prediction of ETo 
by 15 to 30 percent in areas where daytime wind greatly exceeds night time wind, where RHmax 
approaches 100 percent, and where radiation is high. Conversely, for areas experiencing moderate 
to strong wind, where night time humidity (RHmax) is low, and where radiation is low, the equation 
will over-predict ETo; this over-prediction increases with decreasing ratios of Uday/Unight. Under 


these conditions an adjustment factor (c) should be applied. 


Description of Variables and their Method of Calculation 


(a) Vapour pressure (ea-ed) 


Air humidity affects ETo. Humidity is expressed here as saturation vapour pressure 
deficit (ea-ed): the difference between the mean saturation water vapour pressure (ea) and the mean 


actual water vapour pressure (ed). 


Air humidity data are reported as relative humidity (RHmax and RHmin in percentage), as 
psychrometric readings (T°C of dry and wet bulb) from either ventilated or non-ventilated wet and 
dry bulb thermometers, or as dewpoint temperature (Tdewpoint °C). Time of measurement is 
important but is often not given. Fortunately actual vapour pressure is a fairly constant element and 
even one measurement per day may suffice for the type of application envisaged. Depending on the 
available humidity data, case I, Il or Ill will apply. Vapour pressure must be expressed in mbar; 
if ed is given in mm Hg, multiply by 1.33 to find mbar. Tables 5 and 6 are given to obtain values of 


ea and ed from available climatic data. 


EXAMPLES: For all cases altitude is Om. 


1 Given: 
Tmax 35°C; Tmin 22°C; RHmax 80%; RHmin 30%. 
Calculation: 
Tmean = 28.5 °C 
RHmean = 55 % 
ea at 28.5°C Table 5 = 38.9 mbar 
ed = ea x RHmean/100 = 21.4 mbar 
(ea-ed) = 17.5 mbar 
I] Given: 
Tmax 35°C; Tmin 22°C; Tdrybulb 24°C; Twetbulb 20°c.2/ 
Calculation: 
Tmean = 28.5 °c 
ea at 28.5°C = 
ed at Tdrybulb 24°C Table 2a oui mune 
Twetbulb depr. 4°C Table 6a = 20.7 mbar 
(ea-ed) = 18.2 mbar 


Fe 
l/ else Ea of readings to humidity data ftom dry and wet bulb thermometers changes when they are 
orce-ventilated (Assmann type) or non-ventilated; Tables 6a and 6b to be used respectively. 


Es ae 


lll Given: 
Tmax 35°C; Tmin 22°C; Tdewpoint 18°C. 
Calculation: 
Tmean =.28.5 °c 
ea at 28.5°C Table 5 = 38.9 mbar 
ed at Tdewpoint Table 5 = 20.6 mbar 
(ea-ed) = 18.3 mbar 


In many regions RH during the night is near 100%. Here Tmin = Twetbulb * 
Tdewpoint and ed can theri be determined from ea at Tmin. The more arid 
the climate, the less likely is Tdewpoint = Tmin. 


DO NOT USE: 

1V. Given: 
Tmax 35°C; Tmin 22°C; RHmax 80%; RHmin 30%. 
Calculation: 
ea at Tmax Table 6a = 56.2 mbar 
ed at Tmax ea x RHmin = 16.9 mbar 
Cea-ed) at Tmax = 39.3 mbar 
ea at Tmin Table 6a = 26.4 mbar 
ed at Tmin ea x RHmin = 21.1 mbar 
(ea-ed) at Tmin = 5.3 mbar 
(ea-ed) mean = 22.3 mbar 


Not recommended because the wind function f(u) used here was derived using 
(ea-ed) as obtained in cases 1, 11 and lll and does not correspond to example in 
case IV. Much greater divergence may occur in mean (ea-ed) between the first 
cases and the fourth for situations other than evident here and serious errors 
could result if case 1V is used (average of ea at Tmax and Tmin # ea at Tmean). 


(b) Wind function f@i) 
The effect of wind on ETo has been studied for different climates (see Appendix Il) resulting 
in a revised wind Rinciions! and defined in this publication as: 


flu) = 0.2701 +t 


where U is24-hr wind run in km/day at 2 m height. This expression is valid when (ea-ed) is 
expressed in mbar and is calculated according to the methods shown in cases 1, ll or Ill. Table 


7 can be used for values of f(u) for wind run at 2 m height. 


Where wind data are not collected at 2m height, the appropriate corrections for wind 


measurements taken at different heights are given below: 


Measurement height m 0.5 1.0 1.5 2.0 . 3.0 4.0 5.0 6.0 
. = ree 

Correction factor 1.35 1.15 1.06 1.00 0.93* 0.88 0.35 0.83 

EXAMPLE: 

Given: 

Wind speed at 3 m height is 250 km/day. 

Calculation : 

U above conversion = 232 km/day 

tu) Table 7 = 0.90 


(c) Weighting factor (1-W) 


(1-W)is a weighting factor for the effect of wind and humidity on Bro Values of (1-W) 


j/ W = /(A+y) where A is the rate of change of the saturation vapour pressure with temperature 
and J is the psychrometric constant. 


2/ The similarity of the revised wind function with Penman's original function f(u) = 0.26(1 + U/2100) 
in which U is in miles/day is purely coincidental. 
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as related to temperature and altitude are given in Table 8. For temperature use (Tmax + Tmin)/2. 


EXAMPLE: 


Given: 


Altitude 95 m; Tmax 35°C; Tmin 22°C. 


Calculation: 


Tmean 
(1-W) Table 8 


{da} Weighting factor (W) 


W is the weighting factor for the effect of radiation on ETo. Values of W as related to 


temperature and altitude are given in Table 9. For temperature use (Tmax + Tmin)/2. 


EXAMPLE: 


" Given: 


Altitude 95m; Tmax 35°C; Tmin 22°C. 


Calculation: 
Tmean 
W Table 9 


(e) Net radiation (Rn) 


Net radiation (Rn) is the difference between all incoming and outgoing radiation. It can be 


measured, but such data are seldom available. Rn can be calculated from solar radiation or sun- 


shine hours (or degree of cloud cover), temperature and humidity data. 


In Figure 3 different portions of the radiation balance are shown. The amount of radiation 


received at the top of the atmosphere (Ra) is dependent on latitude and the time of the year only; 


values are given in Table 10. Part of Ra is absorbed and scattered when passing through the atmos- 


phere. The remainder, including some that is scattered but reaches the earth's surface, is 


ext 
ta 


reaatca Ra ae) 


shortwave tongwave (\ 
sotor Re 


Net shortwove Ner tongwave 


Net radiation Rnznet solar radiation Rns-net jongwave radiation Rni 
2(1-%) Rs- Rol 


Fig. 3 lllustration of the radiation 
balance 


identified as solar radiation (Rs). Rs is dependent 
on Ra and the transmission through the atmosphere, 
which is largely dependent on cloud cover. Part of 
Rs is reflected back directly by the soil and crop and 
is lost to the atmosphere. Reflection @&) depends on 
the nature of the surface cover and is approximately 
5 to 7 percent for water and around 15 to 25 percent 
for most crops. This fraction varies with degree of 
crop cover and wetness of the exposed soil surface. 
That which remains is net shortwave solar radiation 
(Rns). 


Additional loss at the earth's surface occurs 
since the earth radiates part of its absorbed energy 
back through the atmosphere as longwave radiation. 
This is normally greater than the downcoming long- 
wave atmospheric radiation. The difference between 


outgoing and incoming longwave radiation is called 
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net longwave radiation (Rnl). Since outgoing is greater than incoming, Rnl represents net energy 


loss. 


Total net radiation (Rn) is equal to the difference between Rns and Rnl, or Rn= Rns - Rab 


Radiation can be expressed in different units; converted into heat it can be related to the energy 


required to evaporate water from an open surface and is given here as equivalent evaporation in mm/ 


day. 


G) 


Gi) 


Gii) 


(iv) 


(v) 


3/ 


To calculate Rn the different steps involved are: 


If measured solar radiation (Rs) is not available, select Ra value in mm/day from Table 10 
for given month and latitude. 


To obtain solar radiation (Rs), correct Ra value for ratio of actual (n) to maximum possible 
(N) sunshine hours; Rs = (0.25 +0.50n/N)Ra.1/ Values for N for a given month and 
latitude are given in Table 11. Both n and N are expressed in hours as mean daily values 
for the period considered. 


When only visual cloud observations are available, they can be used to calculate Rs. 
Several daily visual observations of cloudiness over a sufficiently long period are needed. 
Cloudiness is expressed in oktas (0 to 8) and sometimes in tenths (0 to 10) which must first 
be Seay ie into equivalent values of n/N. The following table can be used as a rough 
guide; < ; 


Cloudiness oktas 
n/N ratio 


15) =- 


on 
uw 
on 
Kh 
on 

DH wla 


Cloudiness tenths 


To obtain net shortwave radiation (Rns), the solar radiation (Rs) must be corrected for 
reflectiveness of the crop surface, or Rns = (] -®)Rs. For most crops% = 0.25. To 
simplify steps (ii) and (iii), Table 12 can be used to calculate Rns from the ratio n/N and 
x= 0.25. 


Net longwave radiation (Rn1) can be determined from available temperature (T), vapour 
pressure (ed) and ratio n/N data. Values for the function f(T), f(ed) and f(n/N) are given 
in Tables 13, 14 and 15 respectively. 


To obtain total net radiation (Rn), the algebraic sum of net shortwave radiation (Rns) and 
net longwave radiation (Rnl) is calculated. Rnl always constitutes a net loss so 
Rn = Rns - Rnl. 


EXAMPLE: 

Given: : 3 

Cairo; latitude 30°N; altitude 95m; July. Tmean 28.5°C; RHmean 55%; 
sunshine n mean 11.5 hr/day 


Calculation: 
Ra Table 10 = 16.8 mm/day 
Rs (€.25+0.50 n/N)Ra n = 11.5hr 

Table 11 N = 13.9hr 

n/N = 0.83 = 11.2 mm/day 

Rns (1 -“)Rs Table 12 = 8.4 mm/day 
Rnl f(T). fed). f/N) Table 13 f(T) = 16.4 4) 

Table 14 fled) = 0.13~ 

Table 15 fn/N) = 0.85 1.8 mm/day 


Rn = Rns - Rnl 6.6 mm/day 


For practical purposes 0.25 and 0.50 can be used. For some regions local values have been 
determined and are listed in Appendix VI. 

Variations in conversion factors from location to location have been noted when using cloudiness 
data to obtain the ration/N. Where available locally derived conversion factors should be usede 
Sometimes sky observations are made which are expressed in only four classes; here conversion 
is approximately: clear day = 1 okta; partial cloud = 3 oktas; cloud = 6 oktas; overcast = 8 oktas. 


From vapour pressure calculation under (a) case 1, II or Ill. 
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(f) Adjustment factor (c) 


The Penman equation given assumes the most common conditions where radiation is medium 
to high, maximum relative humidity is medium to high and moderate daytime wind about double the 
night time wind. However, these conditions are not always met. For instance, coastal areas with 
pronounced sea breezes and calm nights generally have day/night wind ratios of 3 to 5; parts of the 
Middle East have dry winds during the day and calm wind conditions during the night with maximum 
relative humidity approaching 100 percent. For such conditions correction to the Penman equation 
is required. Table 16 presents the values of c for different conditions of RHmax, Rs, Uday and 


Uday/Unight. Examples (Near East): 
RHmax 90%; Rs 12 mm/day; Uday 3 m/sec; Uday/Unight 3: c = 1.28 (Table 16) 
RHmax 60%; Rs 6 mm/day; Uday 3 m/sec; Uday/Unight 2: c = 0.91 (Table 16) 


The information for using Table 16 may be difficult to obtain from available climatic records but it 
can usually be cerived for che different seasons from published weather descriptions or from local 
sources. The conditions involving very low c values may seldom occur and may persist only for a 
few days in most climates.. Table 16 does reveal a rather common need for c values smaller than 

1.0 for low radiation, non-summer conditions (similar factors no doubt caused the use of winter crop 


coefficients of 0.6 as compared to 0.8 for mid-summer in the original 1948 Penman method). 


EXAMPLE: 

Given: 

Cairo; July. Rs 11.2 mm/day; RHmax 80%; Uday 3.2 m/sec; Unight 2.1 m/sec; 
Uday/Unight 1.5. 

Calculation: 

c value Table 16 = 1.06 (by interpolation) 


Sample Calculations 


Reference crop evapotranspiration (ETo) can be calculated using: 


ETo = c[w.Rn + (1-W).f(u). (ea-ea) | 
eEXAMPLE: 


Given: 

Cairo; July. W = 0.77; Rn = 6.6; (1-W) = 0.23; f(u) = 0.90; (ea-ed) = 17.5; c = 1.01. 
Calculation : 

ETo = 1.01 0.77 x 6.6 + 0.23 x 0.90x 17.5) = 8.8 mm/day 

Using mean daily data for each month calculation of ETo in mm/day for each month: 


Cairo; latitude 30°N; altitude 95 m 


a ee ae ee 1 A S O ND 
T mean OC 4 15 17.5 21 25.5 27.5 28.5 28.5. 26 26 20 15. 
RHmean 65 65 3 50 645 50 55 57 60 64. 68 23° 
achouns 7.4 8.0 8.9 9.7 10.8 11.4 11.5 11-1 10.4 9.6 8.6 7.3 
keri 173181 207 -207-—«232,—«281. 232 181s 4 155. 
Rima % Gai) - 66. 95. sea? <p 6 70 75 80° BO ee of 
Uday m/sec (est)2.5 2.5 3.0 3.0 3: 3.2.5 2.3 3.5 3.3 3.3) 
Cc . . . . . . . 7 . 7 a 7 
ETO im/day. 2.7 G8 6.0 7.0-8.9° G4 B86 76°61 ke Be oe 


mm/month 84 10 154 210 276 282 273 236 183 149 96 9 


eee 
1/ Based on general climatic descripti i i i io i 
i ge ; ptions for Cairo; day/night wind ratio is some 1.5 produced b 
ree ete and mid ~day conditions, with breezes in late afternoon; an exception would be he” 
Pp an ay ‘Khamsin' winds which blow day and night but somewhat stronger during daytime. 
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Taule 16 Adjustm Factor (c)in Presented Penman Equation 


RHmax = 60% RHmax = 90% 


aa 


,ms mm/day 


Uday iste 


| 

| 
C .86 .90 1.00 1.00 1.02 1.06 1.10 1.10 
3 79 .86 .92 «97 .99 1.10 1.27 1.32 

| 6 .68 ay ee .87 93 94: 1.10 1.26 1.33 

| 9 ; +99 +65 «78 90 88 1.01 1.16 1.27 
| ails 

Udayv/Unight = 3.0 

| 0 | 86.90 1.00 1.00] .96 .98 1.05 1.05 }1.02 1.06 1.10 1.10 
ae 76 .81 .88 .94 | .87 .96 1.06 1.12 | .94 1.04 1.18 1.28 | 
| 66 61 .68 .81 .88|.77 .88 1.02 1.10 | .86 1.01 1.15 1.22 
Z 9 zB ' 1 2 1.18 

| 


| 
| 
| 


Q 86 .90 1.00 1.00; .96 .98 1.05 1.05 
69.76 85 9 
. 94 


——— 


| 
| Oo 7.03 


#99: 


FORMAT FOR CALCULATION OF PENMAN METHOD 


te 
i Penman reference crop ETo = ¢ [W.Rn + (1-W) fQ) (ea-ed) 


Country: AL Place: Gro Latitude ; so” 


ei Period : 4 Longitude: #o° bi dined fu 
; Tmean 22S °C | ea mbar (5) 4/ 
RHmean $F % RH/100 data ; 
ed mbar .- calc 
| or T wetbulb é 
d sion (5) or (6) | 
or T dewpoint i (ea-ed) mbar calc “47 
t i ' 
U, 232 km/day f(u) D | 
| Tmean 285 °C (1-W) (8) 
altitude 9F m | Poa NG 
(1-W) f(u) (ea-ed) mm/day Zé > 
| cale 7 
i month ily | 
| ee cow | Ramm/day (10) | | 
| n hr/day data | 
month _}ily | 
| latitude Joy N hr/day (11) 
| i 
| n/N calc 
| (0.25+0.50n/N) calc (12) | 
| Rs mm/day calc | 
|< = 0.25) Rns mm/day (1 -«)Rs 2/ 
| 
Tmean UBF OC f(T) (13) | 
ed any mbar f(ed) (14) | 
| n/N O83 f(n/N) (15) 
-Rnl = f(T) f(ed) fm/N) mm/day calc 7 ! 
i —~ : 
Rn = Rns - Rnl calc Lia | 
| | 
| Tmean 2b5 ce ate. | 
iaititude 9° m ” 2 leu7 “s | 
W.Rn calc Ll sy al —, 
| 187 >> 
oO | 
| Udav/Unight Z . (16) {Aor , 
! RHmax, Rs r L. 7 7} 
SOfy ha ETo = c[W.Rn + (1-W) flu) (ea-ed) | mm/day a8 | 


i/ Numbers in brackets indicate Table of reference. 
2; When Rs data are available Rns « 0.75 Rs. 
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1.4 PAN EVAPORATION METHOD 


Evaporation pans provide a measurement of the integrated effect of radiation, wind, temp- 
erature and humidity on evaporation from a specific open water surface. Ina similar fashion the 
plant responds to the same climatic variables but several major factors may produce significant 
differences in loss of water. Reflection of solar radiation from a water surface is only 5-8 percent, 
‘from most vegetative surfaces 20-25 percent. Storage of heat within the pan can be appreciable and 
may cause almost equal evaporation during night and day; most crops transpire only during daytime. 
Also the difference in water losses from pans and from crops can be caused by differences in turbu- 
lence, temperature and humidity of the air immediately above the surfaces. Heat transfer through 
the sides of the pan can occur, .which may be severe for sunken pans. Also the colour of the pan and 
the use of screens will affect water losses. The siting of the pan and the pan environment influence 
the measured results, especially when the pan is placed in fallow rather.than cropped fi ° 
Factors involved in prediction of lake evaporation using pans is discussed by C.= — 973), 
WMO Note 126. 


Notwithstanding these deficiences, with proper siting the use of pans to predict crop wat. 
requirements for periods of 10 days or longer is still warranted. From the many different types of 
pans, the use of the U.S. Class A pan and the Colorado sunken pan is presented here! To relate 
pan evaporation (Epan) to reference crop evapotranspiration (ETo) empirically derived coefficients 
(Kp) are given which take into account climate and pan environment. If measured data from other 
types of sunken pans are available, such data should first be related to sunken Colorado pan data 
(Table 17). The ratios given in Table 17 serve as multiplying factors to obtain fromEpan of different 
types of pans mentioned,the sunken Colorado pan evaporation data. (The pan area of the Colorado 
sunken pan is 3 ft? or 0.84 m*.) 


Recommended Relationships 
Reference crop evapotranspiration (ETo) can be obtained from: 


ETo = Kp. Epan 


where: Epan = pan evaporation in mm/day and represents the mean daily value 
of the period considered 
Kp pan coefficient 


Values for Kp are given in Table 18 for the Class A pan and in Table 19 for the sunken 


Colorado pan for different humidity and wind conditions and pan environment. The Kp values relate 


1/ 


Description of pans: The Class A evaporation pan is circular, 121 cm (46.5 inches) in diameter 
and 25.5 cm (10 inches) deep. It is made of galvanized iron (22 gauge) or monel metal (0.8 mm). 
The pan is mounted on a wooden open frame platform with its bottom 15 cm above ground level. 
The soil is built up to within 5 cm of the bottom of the pan. The pan must be level. It is filled 
with water 5 cm below the rim, and water level should not drop to more than 7.5 cm below the 


rim. Water is regularly renewed to eliminate extreme turbidi Th if i i 
painted annually with alluminium paint. = Sere ee 


Sunken Colorado pans are sometimes preferred in crop water requirement studies, since these 
pans have a water level 5 cm below the rim at soil level height and give a better direct prediction 
of potential evapotranspiration of grass than does the Class A pan. The pan is 92 cm (36 inches) 
square and 46 cm (18 inches) deep. It is made of galvanized iron, set in the ground with the rim 

5 cm (2 inches) above the ground level. The water level inside the pan is maintained at or slightly 


below ground level. (Reference is made to Irrigati i 
logical field stations . FAO Rome italy 1976. ots entre Rate ele Bene Melee ne, 
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to pans located in an open field with no crops taller than 1 m within some 50 m of the pan. 
Immediate surroundings, within 10 m, are covered by a green, frequently mowed, grass cover or 


by bare soils. The pan station is placed in an agricultural area. The panis unscreened. 


Additional Considerations 


In selecting the appropriate value of Kp to relate Class A and Colorado sunken pan data 
to ETo, it is necessary to consider the ground cover of the pan station itself, that of the surround- 
ings and general wind and humidity conditions. The relative humidity ranges referred to in Tables 
18 and 19 are RHmean or (RHniax + RHmin)/2. Wind is reflected as total 24-hr wind run in km/day. 
Nomenclature used to describe general levels of mean relative humidity and wind are given in 


Climatological Nomenclature in the introductory pages of this publication. 


When the pan is located at a station with very poor grass cover, dry bare soil or, 
undesirably, a concrete or asphalt apron, air temperatures at pan level may be 2 to 5°C higher and 
relative humidity 20 to 30 percent lower. This will be most pronounced in arid and semi-arid 
climates during all but the rainy periods. This effect has been accounted for in the figures of 
Tables 18 and 19. However, in areas with no agricultural development and extensive areas of bare 
soils - as are found under desert or semi-desert conditions - the values of Kp given for arid, windy 
areas may need to be reduced by up to 20 percent; for areas with moderate levels of wind, temp- 
erature and relative humidity by 5 to 10 percent; no or little reduction in Kp is needed in humid, 


cool conditions. 


In Tables 18 and 19 a separation is made for pans located within cropped plots surrounded 
by or downwind from dry surface areas (case A) and for pans located within a dry or fallow field but 


surrounded by irrigated or rainfed upwind cropped areas (case B). 


Case A Case B 
Wind Wind 
Se SS 
dry surface green crop pan green crop dry surface pan 
+ ><> + >t > 
50m. or more varies 50m. or more varies 


Where pans are placed in a smail enclosure but surrounded by tall crops, for example 
2.5 m high maize, the coefficients in Tables 18 and 19 will need to be increased by up to 30 percent 
for dry, windy climates, whereas only a 5 to 10 percent increase is required for calm, humid 


cond:..cns. 


The pan coefficients given in Tables 18 and 19 apply to galvanized pans annually painted 
with aluminium. Little difference in Epan will show when inside and outside surfaces of the pan are 


painted white. An increase in Epan of up to 10 percent may occur when they are painted black. The 
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material from which the pan is made may account for variations of only a few percent. The level at 
which the water is maintained in the pan is very important; resulting errors may be up to 15 percent 
when water levels in Class A pans fall 10 cm below the accepted standard of between 5 and 7.5 cm 
below the rim. Screens mounted over pans will reduce Epan by up to 10 percent. In an endeavour to 
avoid pans being used by birds for drinking, a pan filled to the rim with water can be placed near the 
Class A pan; birds may prefer to use the fully filled pan. Turbidity of the water in the pan does not 
affect Epan data by more than 5 percent. Overall variation in Epan is not constant with time because 


of ageing, deterioration and repainting. 


Sampte Calculations 


EXAMPLE: 
. Given: 

Cairo; July. Epan = 11.1 mm/day from Class A pan; RHmean = medium; wind 
moderate: pan station is located within a cropped area of several hectares; the 
pan is not screened. 

Calculation: 

Monthly data: since pan station is covered by grass and is surrounded by some 

100 m of cropped area case A applies. 


‘From Table 19 for moderate wind and medium humidity value of 
Kp = 0.75. 
ETo = Kpx Epan = 0.75x11.1 = 8.3 mm/day 


Yearly data: 
J F M A M J J A S$ OF N OD 


wind light to moderate moderate light to moderate 

R Hmean med. to high| medium. med. to high 

Kp A acd Se at as (> Os mr a 9 A = se | 

cpan 3-3 4.5 6.4 8.5 11.2 12.8 11.1 9.7 7.9 6.9 4.3 3.3 

ETo mm/day 2.6 3.6 5.1 6.5°° 8.4 9.6 8.3 7.4 6.0 5.5 3.4 2.6 
mm /months 82 100 158 1 1 180 165 102 81 
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Table 17 Ratiés Between Evaporation from Sunken Pans Mentioned and From Colorado 
Sunken Pan for Different Climatic Conditions and Pan Environments 


Ratio Epan mentioned and Epan Colorado J 


Climate Humid-temperate climate Arid to semi-arid | 


(dry season) 
Groundcover surrounding pa Short green Short green| Dry fallow 
(50 m or more) cover Prey, fallow cover 


CGI 20 dia. 5m, depth 2m 
(USSR) 


Sunken pan. dia. 12 ft, 
depth 3.3 ft. (lsrael) 


Symmons pan 6 ft?, 
depth 2 ft (UK) 


BPI dia. 6 ft, depth 2 ft 
(USA) 


Kenya pan dia. 4 ft, 
depth 14 in 


Australian pan dia. 3 ft, 
depth 3 ft 


Aslyng pan 0.33 m?, 1.0 
depth 1 m (Denmark) 
CGI 3000 dia. 61.8 cm, 
depth 60-80 cm (USSR) 
1.0 


Sunken pan dia. 50 cm, 
depth 25 cm (Netherlands) 


EXAMPLE: | CGI 20 in semi-arid climate, dry season, placed in dry fallow land; 
for given month Epan CGI 20 = 8 mm/day. 
Corresponding Epan sunken Colorado is 1.25% 8 = 10 mmn/day. 


os 


Table 18 Pan Coefficient (Kp) for Class A Pan for Different Groundcover and Levels 
of Mean Relative Humidity and 24 hour Wind 


| Case A: Pan placed in short green Case BIJ Pan placed in dry 


Class A pan pics 7 


ee ones ¢40 | 40-70! >70 <40 


medium high 
40-70 | > 70 


Windward side Windward side 
Wind distance distance 
km/day of green crop of dry fallow 
m m ‘ 
Light 1 55 .65 +75 1 aay 8 85 
€175 10 65 75 85 10 .6 7 8 
100 <7 8 .85 100 »55 .65 +75 
1 000 75 85 85 1 000 5 .6 7 
Moderate 1 +5 .6 65 1 65 75 8 
175-425 10 .6 me ~75 10 »55 65 safe 
100 65 “75 8 100 se .6 65 
1 000 7 8 8 1 000 45 55 6 
Strong 1 45 5) 6 ~ 4 .6 65 of 
425-700 10 55 .6 65 10 “5 +55 -65 
100 "6 -  .65 .7 100 45 5 .6 
1 000 65 7 75 1 000 vA 45 55 
Very strong 1 4 45 +5 1 +5 .6 65 
>» 700 10 45 55 .6 10 45 25 255 
100 5 6 65 100 4 45 5 
1 000 55 6 65 1 000 235 WA 45 
Table 19 Pan Coefficient (Kp) for Colorado Sunken Pan for Different Groundcover and 
Levels of Mean Relative Humidity and 24 hour Wind 
Sunken | Case A: Pan placed in short green Case B1/ Pan placed in dry 
Colorado cropped area fallow area 
* io | 20-70 | > 
Ra <40 | 40-70 <40 | 40-70 | > 70 
Windward side Windward side 
Wind distance distance 
km/day of green crop of dry fallow 
m 
Light 1 1.1 1.1 1.1 
€175 10 85 85 85 
100 -75 75 8 
1 000 7 -7 75 
Moderate 1 95 £95 95 
rere 10 13) 475. 4 x 05 
100 65 .65 7 
1 000 6 .6 65 
Strong 1 8 8 8 
poiae 10 65 | :65 | 165 
100 »55 .6 65 
1 000 +5 55 6 
Very strong 1 a 15 75 
pe 10 55 | 6 | 165 
100 5 55 6 
1 000 45 5 55 


1/ For extensive areas of bare-fallow soils and no agricultural development, reduce Kpan by 20% 


under hot, windy conditions; by 5-10% for moderate wind, temperature and humidity conditions. 
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2. SELECTION OF CROP COEFFICIENT | 


The four methods described in Part |.1 predict the effect of climate on reference crop 
evapotranspiration (ETo). To account for the effect of the crop characteristics on crop water 
requirements, crop coefficients (kc) are presented to relate ETo to crop evapotranspiration (ETcrop). 
The ke value relates to evapotranspiration of a disease-free crop grown in large fields under opt- 
imum soil water and fertility conditioris and achieving full production potential under the given 
growing environment. ETcrop can be found by: 


ETcrop = ke . ETo 


Each of the four methods in Part 1.1 predicts ETo and only one set of crop coefficients is 
required. Procedures for selection of appropriate kc values are given, which take into account the 
crop characteristics, time of planting or sowing, and stages of crop development and general climatic 


conditions. 


The effect of crop characteristics on Cotton 

Tomotoes 

Sugorbeets 

Moize 

Appies (with cover 
crop) 


the relationship between ETcrop and ETo is 
shown in the conceptual diagram in Figure 4. The 
wide variations between major groups of crops 14 


: : : Gross 
are largely due to the resistance to transpiration 


Pan) 
of different plants, such as closed stomata during 3 i Sugorbeet, wilted 
the day (pineapple) and waxy leaves (citrus). . 7 1g aaa ‘ Hoe 
Also differences in crop height, crop roughness, 2 8 Citrus 
reflection and groundcover produce the Pcs 
illustrated variation in ETcrop. For high nae Pineopple 
evaporative conditions, i.e. hot, strong winds 4 Agove 


and low humidity, ETo values of up to 12 to 14 
mm/day and ETcrop values of up to 15 to 17 mm/ 


day may be realistic, particularly for small fields 


0 2 4 6 8 0 2 14 ET (grass) 
in arid areas which are strongly affected by dry ee 
wind conditions. However, wilting of crops may 
occur under such conditions and, as shown in - Fig. 4 ETcrop as compared to ETo 


Figure 4 for sugarbeets, may result in ETcrop 


values well below ETo. 
For ease of reference, approximate ranges of seasonal ETcrop for different crops are 
given in Table 20. The magnitudes shown will change according to the factors discussed, i-e. mainly 


climate, crop characteristics, length of growing season and time of planting. 


Additional Considerations 


Factors affecting the value of the crop coefficient (kc) are mainly the crop characteristics, 
crop planting or sowing data, rate of crop development, length of growing season and climatic con- 
ditions. Particularly following sowing and during the early growth stage, the frequency of rain or’ 


irrigation 1s important. 


Table 20 


Seasonal ETcrop 


636% 


Approximate Range of Seasonal ETcrop in mm 


Alfalfa 600 ~ 1 500 Onions 350 - 600 
Avocado 650 - 1000 Orange 600 - 950 
Bananas 700 - 1 700 Potatoes 350 - 625 
Beans 250 - 500 Rice 500 - 950 
Cocoa 800 - 1 200 Sisal 550 - 800 
Coffee 800 - 1 200 Sorghum 300 -. 650 
Cotton 550 - 950 Soybeans 450 - 825 
Dates 900 - 1 300 Sugarbeets 450 - 850 
Deciduous trees 700 - 1050 Sugarcane 1 000 - 1 500 
Flax 450 - 900 Sweet potatoes 400 - 675 
Grains (small) 300 - 450 Tobacco 300 - 500 
Grapefruit 650 - 1000 Toniatoes 300 - 600 
Maize 400 - 750 Vegetables 250 - 500 
Oil seeds 300 - 600 Vineyards 450 - 960 

Walnuts 700 - 1000 


The crop planting or sowing date will affect the length of the growing season, the 
rate of crop development to full groundcover and onset of maturity. For instance, depending on 
climate, sugarbeets can be sown in autumn, spring and summer with a total growing season 

“ranging from 230 to 160 days. For soybeans, the growing season ranges from 100 days in warm, 
low altitude areas, to 190 days at 2 500 m altitudes in Equatorial Africa and for maize 80 to 240 
days respectively. Crop development will also be at a different pace; as shown in Figure 5 for 
sugarbeets, the time needed to reach full development or maximum water demand varies from up 
to SO percent of the total growing season for an autumn sown crop to about 35 percent for an early 
summer sowing. In selecting the appropriate kc value for each period or month in the growing 


season ior a given crop, the rate of crop development must be considered. 


summer 


Ne a ee 
Oo 2@ 40 60 80 100% 0 20 40 60 860 100% 0 20 40 60 80 100% 
Growing season ~ 230 doys — 200 days - 160 days 


Fig. 5 Sugarbeets; kc values for different sowing dates 


General climatic conditions, especially wind and humidity, are to be considered; compared 
ite te tere 2 ‘ ef ( 
with a smooth grass cover, wind will affect the rate of transpiration of taller crops more due to air 
turbulence above the rougher crop surface, This is more pronounced in dry than in humid climates 


a 4+ | lan ry Ad 
and ke values for rougher crop surfaces are therefore greater in dry climates. 


239-2 


ET crop is the sum of transpiration by the crop and evaporation from the soil surface. 
During full groundcover, evaporation is negligible; just following sowing and during the carlv grow 
ing period evaporation from the soil surface (Esoil) may be considerable, particularly when the soil 


surface is wet for most of the time from irrigation and rain. 


Transpiration and evaporation are governed by different physical processes. However 
since for the crop growing season Esoil forms part of ETcrop, and for the sake of simplicity, the 
coefficient relating ETo and Esoil is given herein by the appropriate 'crop' factor (kc). The great 
range of ke values during initial growth stage following sowing is illustrated in Figure 5. The value 
of kc largely depends on the level of ETo and the frequency with which the soil is wetted by rain and/ 
or irrigation. The smooth curves in Figure 5 present average kc values rather than the actual sharp 
increase in kc just following rain and irrigation, with a less sharp but marked decline afterwards, 
until the next rain or irrigation. Some compromise in accuracy by not differentiating between various 


soil types has been accepted. 


The presented kc values relate ETo to ETcrop. Crop coefficients published elsewhere 
relating tc original and other methods should not be used if the methods presented in this publication 


are followed. 


Recommended Values 


(a) Field and vegetable crops 


The crop growing season has been divided into four stages. Crop coefficients (kc) for 
given stages of crop development and different climatic conditions are presented in Table 21. The 
need to collect local data on growing season and rate of crop development of irrigated crops is 


stressed. For reference, information for selected crops and climate is given in Table 22. 


The four stages of crop development are described herein as: 


(1) initial stage : germination and early growth when the soil surface 
is not or is hardly covered by the crop (groundcover 
<10%) 
@) crop development stage : from end of initial stage to attainment of ie 
full groundcover (groundcover = 70-80% 


(3) mid-season stage : from attainment of effective full groundcover to time 
of start of maturing as indicated by discolouring of 
leaves (beans) or leaves falling off (cotton). For 
some crops this may extend to very near harvest 
(sugarbeets) unless irrigation is not apphed at late 
season and reduction in ET crop is induced to increase 
yield and/or quality (sugarcane, cotton, some grains); 
normally well past the flowering stage of annua! crops 


(4) late season stage : from end of mid-season stage until full maturity cr 
harvest 


ny: Start of mid-season stage can be recognized in the field when crop has attained 70 to 80% greund- 
sover which, however, does not mean that the crop has reached its mature height. Effective 
fuil groundcover refers to cover when kc is approaching a maximum. 


- 38 - 


The steps needed to arrive at the kc values for the different stages are given below. The 
values of kc for the various growth stages are to be plotted as in the given example, Figure7. For 
simplification the values of kc for the different periods within the growing season are represented as 


straight lines: 


1 establish planting or sowing date from local information or from practices in 
similar climatic zones; 


Il determine total growing season and length of crop development stages from 
local information (for approximations see Table 22); 


IIl initial stage: predict irrigation and/or rainfall frequency; for predetermined 
ETo value, obtain kc from Figure 6 and plot kc value as shown in Figure 7; 


IV. mid-season stage: for given climate (humidity and wind), select kc value from 
Table 21 and plot as straight line; 


V late-season stage: for time of full maturity (or harvest within a few days), 
select kc value from Table 21 for given climate (humidity and wind) and plot 
value at end of growing season or full maturity. Assume straight line between 
ke values at end of mid-season period and at end of growing season; 


VI development stage: assume straight line between kc value at end of initial 
to start of mid-season stage. 


For each 10 or 30 day period the kc values can be obtained from the prepared graph. A 
smoothed curve might first be drawn as indicated in Figure 7, although this may have little effect in 


terms of accuracy added. 


ke Average 
recurrence 
1.0 interval af 
irrigatian ar 
significant 
rain 
8 


2 days 


1 2 3 4 5 6 7 8 9 10 
ETo, mm/day, during initial stage 


Fig. 6 Average kc value for initial crop development stage as related to level of ETo and 
frequency of irrigation and/or significant rain 


1.2 


Crop coefficient, kc 
o 
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EXAMPLE: 
Given: 
Cairo; corn planted mid-May; for total growing season winds are light to 
moderate (0-5 m/sec), and mid-summer RHmin is 30-35%; ETo initial stage 
is 8.4 mm/day; irrigation frequency initial period assumed to be 7 days. 


ll 


ll 
lV 


vil 


Irrigation - 
interval 7 days 
0.35 (fig.6 ). . 


Planting date 


: local 
Length of growth stages 


initial 

crop development 
mid-season 

late season 


Plot periods as indicated 


ke initial stage (1) 

ETo = 3.4 mm/day 

irrig. frequency = 7 days Fig. 6 
ke mid-season stage (3) 

wind = light/moderate 


Fig. 7 


humidity = low Table 21 
ke late season stage (end) (4) 

wind = light/moderate 

humidity = low Table 21 
Plot ke value and connect 
values with straight lines Fig. 7 


Read kc value from prepared 
graph for each selected period 
at mid point of 10 to 30 day 
period 


groundcover 


—— Planting date 
Approx. 10% . 
groundcover 
70-80% 


Local 


20 
days 


35 


information 
(or Table 22) 


Late spring, early summer 


20 days 
35 days 
40 days 


30 days 125 days 


ke initial = 0.35 


ke mid-season = 1.14 


ke end of season = 0.6 


ke development stage 
ke late season stage 


ra 1.14 (table 21) 


Maturity 
Harvest 


uz 0.60 (table 21) 


information or Table 22 


| initial ee elas mid - season | > Jate 


40 days 


~ 30 —+| 


APRIL 


MAY 


JUNE JULY 


AUG. SEPT. OCT. 


Fig. 7 Example of crop coefficient curve 
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Table 21 Crop Coefficient (kc) for Field and Vegetable Crops for Different Stages of 
Crop Growth and Prevailing Climatic Conditions 


RHmin €20% 


Humidity 


Wind m/sec 


Crop 


Crop stage 
All field crops initial 1 Use Fig. 7 
" crop dev. 2 by interpolation 
Artichokes (perennial- mid-season 3 95 95 1.0 1.05 
clean cultivated) at harvest 
or maturity 4 9 29 -95 1.0 
Barley 3 1.05 1.1 1.15 1.2 
| 4 .25 £25 2 .2 
Beans (green) 3 95 -95 1.0 1.05 
4. 85 85 9 9 
Beans (dry) 3 1.05 1.1 1.15 1.2 
Pulses 4 23 3 -25 25 
Beets (table) 3 1.0 1.0 1.05 1.1 
4 29 9 95 1.0 
Carrots 3 1.0 1.05 1.1 1.15 
4 -7 75 .8 85 
Castorbeans 3 1.05 1.1 1.15 1.2 
4 5 5 5 ~5 
Celery 3 1.0 1.05 1.1 1.15 
4 9 -95 1.0 1.05 
Corn (sweet) 3 1.05 1.1 1.15 1.2 
| (maize)° 4 -95 1.0 1.05 1.1 
| Corn (grain) 3 1.05 1.1 1.15* 1.2 
(maize) 4 55 55 .6 * .6 
| Cotton 3 1.2 1.25 
t 4 65 7 
| Crucifers (cabbage, 3 1.05 1.1 
| cauliflower, broccoli, 4 9 95 
| Brussels sprout) . 
| Cucumber 3 9 9 £95 1.0 — 
Fresh market 4 .7 7 75 8 
; Machine harvest 4 85 85 95 1.0 
| Egg plant 3 95 1.0 1.05 1.1 
(aubergine) 4 8 -85 -85 9 
| Flax 3 1.0 1.05 1.1 1.15 
| 4 .25 125 12 2 
| Grain 3 1.05 1.1 1.15 1.2 
| 4 3 3 25 £25 
| Lentil 3 1.05 1.1 1.15 1.2 
| 4 23 3 225 225 
Lettuce 3 1.0 1.05 
4 9 1.0 
Melons 3 1.0 1.05 
4 +75 75 
Millet 3 1.1 1.15 
4 -25 225, 


-4l- 


Humidity RHmin > 70% RHmin  < 20% | 


Crop Wind m/sec 0-5 5-8 0-5 5.8 
Oats ; mid-season 3 1.05 1.1 1.15 1.2 
harvest /maturity 4 .25 .25 2 .2 
Onion. (dry) 3 -95 95 1.05 1.1 
4 +75 -75 . 85 
(green) 3 “95 -95 1.0 1.65 
4 295° 95 1.0 1.05 i 
Peanuts 3 95 1.0 1.05 Ld | 
(Groundnuts) 4 55 55 6 .6 
Peas 3 1.05 1.1 1.15 1.2 | 
4 295 1.0 1.05 1.1 
Peppers (fresh) 3 95 1.0 1.05 1.1 | 
4 -8 85 .85 9 
Potato 3 1.05 1.1 1.15 1.2 
4 7 +7 -75 275 
Radishes 3 8 8 .85 9 
4 -75 -75 8 285 
Safflower 3 1.05 1.1 1.15 1.2 | 
4 -25. 225 2 2 | 
Sorghum 3 1.0 1.05 1.1 1.15 | 
4 “5 55 “55 | 
Soybeans "3 1.0 1.05 1.1 1.15 | 
4 -45 “45 -45 245 
Spinach 3 95 95 1.0 1.05 | 
4 9 9 95 1.0 | 
Squash 3 Qo 9 95 1.0 | 
4 «7 -7 75 3 | 
Sugarbeet 3 1.05 1.1 1.15 1.2 
4 9 -95 1.0 1.0 
, no irrigation ; 
last month 4 -6 6 6 6 
Sunflower 3 1.05 1.1 1.15 1.2 
4 4 4 235 235 
Tomato 3 1.05 1.1 1.2 1.25 
4 6 6 65 -65 | 
Wheat 3 1.05 1.1 1.15 1.2 
4 +25 -25 2 2 | 
NB: Many cool season crops cannot grow in dry, hot climates. Values of kc are given for ° 


latter conditions since they may occur occasionally, and result in the need for higher 
ke values, especially for tall rough crops. 


Table 22 


SIO 


Length of Growing Season and Crop Development Stages of Selected Field Crops; 


Some Indications 


Artichokes 


Barley 


Beans (green) 


Beans (dry) 
Pulses 


Beets 
(table) 


Carrots 


Castorbeans 


Celéry 


Corn (maize) 
(sweet) 


Corn (maize) 
(grains) 


Perennial, replanted every 4-7 years; example Coastal California with 
planting in April 40/40/250/30 and (360)1/; subsequent crops with crop 
growth cutback to ground level in late spring each year at end of harvest or 
20/40/220/30 and (310). 


Also wheat and oats; varies widely with variety; wheat Central India 
November planting 15/25/50/30 and (120); early spring sowing, semi-arid, 
35°-450 latitudes and November planting Rep. of Korea 20/25/60/30 and 
(135); wheat sown in July in East African highlands at 2 500 m altitude and 
Rep. of Korea 15/30/65/40 and (150). : 


February and March planting California desert and Mediterranean 
20/30/30/10 and (90); August-September planting California desert, Egypt, 
Coastal Lebanon 15/25/25/10 and (75). 


Continental climates late spring planting 20/30/40/20 and (110); June planting 
Central California and West Pakistan 15/25/35/20 and (95); longer season 
varieties 15/25/50/20 and (110). 


_ Spring planting Mediterranean 15/25/20/10 and (70); early spring planting 


Mediterranean climates and pre-cool season in desert climates 25/30/25/10 


and (90). 


Warm: season of semi-arid to arid climates 20/30/30/20 and (100); for cool 
season up to 20/30/80/20 and (150); early spring planting Mediterranean 
25/35/40/20 and (120); up to 30/40/60/20 and (150) for late winter planting. 


Semi-arid and arid climates, spring planting 25/40/65/50 and (180). 


Pre-cool season planting semi-arid 25/40/95/20 and (180); cool season 
pe as and (210); humid Mediterranean mid-season 25/40/45/15 
an . 


Philippines, early March planting (late dry season) 20/20/30/10 and (80); 

late spring planting Mediterranean 20/25/25/t0 and (80); late cool season 
planting desert climates 20/30/30/10 and (90); early cool season planting 
desert climates 20/30/50/10 and (110). 


Spring planting East African highlands 30/50/60/40 and (180); late cool 
season planting, warm desert climates 25/40/45/30 and (140); June planting 
sub-humid Nigeria, early October India 20/35/40/30 and (125); early 

April planting Southern Spain 30/40/50/30 and (150). 


1/ 40/40/250/30 and (360) stand respectively for initial, crop development, mid-season and late 
season crop development stages in days and (360) for total growing period from planting to 


harvest in days. 


Cotton 


Crucifers 


Cucumber 


Grain, small 


a entli 


Lettuce 


Melons 


Millet 


Oats 


Onion (dry) 


(green) 


Peanuts 
(groundnuts) 


Peas 


2&3. 


March planting Egypt, April-May planting Pakistan, September planting 
South Arabia 30/50/60/55 and (195); spring planting, machine harvested 


Texas 30/50/55/45 and (180). 


Wide range in length of season due to varietal differences; spring planting 
Mediterranean, and continental climates 20/30/20/10 and (80); late winter 
planting Mediterranean 25/35/25/10 and (95); autumn planting Coastal 
Mediterranean 30/35/90/40 and (195). 


June planting Egypt, August-October California desert 20/ 30/40/15 and 
(105); spring planting semi-arid and cool season arid climates, low desert 


25/35/50/20 and (130). 


Warm winter desert climates 30/40/40/20 and (130); late spring-early 
summer planting Mediterranean 30/45/40/25 and (140). 


Spring planting cold winter climates 25/35/50/40 and (150); pre-cool 
season planting Arizona low desert 30/40/100/50 and (220). 


Spring planting Mediterranean 20/30/60/40 and (150); October-November 
planting warm winter climates; Pakistan and low deserts 25/35/65/40 and 


. (165). 


“pring planting in cold winter climates 20/30/60/40 and (150); pre-cool 
seasc> planting warm winter climates 25/35/70/40 and (170). 


Spring planting M. Jiterraneen climates 20/30/15/10 and (75) and late winter 
planting 2/40/25/10 aud (105); early cool season low desert climates from 
25/26/20, 9 2nd «100); late cool season planting, low deserts 35/50/45/10 

and (140). 


Late spring planting Mediterranean climates 25/35/40/20 and (120); mid- 
winter planting in low desert climates 30/45/65/20 and (160). 


June planting Pakistan 15/25/40/25 and (105); central plains U.S.A. 
spring planting 20/30/55/35 and (140). 


See Barley. 

Spring planting Mediterranean climates 15/25/70/40 and (150); pre-warm 
winter planting semi-arid and arid desert climates 20/35/110/45 and (210). 
Respectively 25/30/10/5 and (70) and 20/45/20/10 and (95). 


Dry season planting West Africa 25/35/45/25 and (130); late spring 
planting Coastal plains of Lebanon and Israel 35/45/35/25 and (140). 


Cool maritime climates early summer planting 15/25/35/15 and (90); 
Mediterranean early spring and warm winter desert climates plantin 
20/25/35/15 and (95); late winter Mediterranean planting 25/30/30/15 
and (100). 


Radishes 


Safflower 


Sorghum 


Spinach 


crookneck 


Sugarbeet 


Sunfiower 


Tomato 


Wheat 


Fresh - Mediterranean early spring and continental early summer planting 
30/35/40/20 and (125); cool coastal continental climates mid-spring 
planting 25/35/40/20 and (120); pre-warm winter planting desert climates 
30/40/110/30 and (210). 


Full planting warm winter desert climates 25/30/30/20 and (105); late 
winter planting arid and semi-arid climates and late spring-early summer 
planting continental climate 25/30/45/30 and (130); early-mid spring 
planting central Europe 30/35/50/30 and (145); slow emergence may 
increase length of initial period by 15 days during cold spring. 


Mediterranean early spring and continental summer planting 5/10/15/5 
and (35); coastal Mediterranean late winter and warm winter desert 
climates planting 10/10/15/5 and (40). 


Central California early-mid spring planting 20/35/45/25 and (125) and 
late winter planting 25/35/55/30 and (145); warm winter desert climates 
35/55/60/40 and (190). 


Warm season desert climates 20/30/40/30 and (120); mid-June planting 
Pakistan, May in mid-West U.S.A. and Mediterranean 20/35/40/30 and 
(125); early spring planting warm arid climates 20/35/45/30 and (130). 


May planting Central U.S.A. 20/35/60/25 and (140); May-June planting 
California desert 20/30/60/25 and (135); Philippines late December 
planting, early dry season - dry: 15/15/40/15 and (85); vegetables 
ae and (60); early-mid June planting in Japan 20/25/75/30 and 


Spring planting Mediterranean 20/20/15/5 and (60); September-October 
and late winter planting Mediterranean 20/20/25/5 and (70); warm winter 
desert climates 20/30/40/10 and (100). 


Late winter planting Mediterranean and warm winter desert climates 
20/30/30/15 and (95); August planting California desert 20/35/30/25 and 
(110); early June planting maritime Europe 25/35/35/25 and (120). 


Spring planting Mediterranean 25/35/25/15 and (100+); early summer 
Mediterranean and maritime Europe 20/30/25/15 and (90+); winter 
planting warm desert 25/35/25/15 and (100). 


Coastal Lebanon, mid-November planting 45/75/80/30 and (230); early 

Ean pape Ge and (160); early spring planting Uruguay 
an ; late winter plantin arm winter d t 

35/60/70/40 and (205). r cal aac ata 


Spring planting Mediterranean 25/35/45/25 and (130); early summer 
planting California desert 20/35/45/25 and (125). 


Warm winter desert climates 30/40/40/25 and (135); and late autumn 
35/45/70/30 and (180); spring planting Medi 2 
CAPT EC meno pring planting Mediterranean climates 


See Barley. 


e2ois 


(b) Alfalfa, clover, grass-legumes, pastures 
Alfalfa: The ke values vary similarly to those for field crops but the initial to harvest stage is 


repeated 2 to 8 times a year. To obtain mean ETalfalfa, values given for kc(mean) in Table 23 
would generally suffice. For irrigation depth and frequency determinations the variation of kc over 
the cutting interval needs to be considered, that is from kc(low) just following harvesting, to 
kc(peak) just before harvesting. Alfalfa grown for seed production will have a kc value equal to 
kc(peak) during full cover until the middle of full bloom. 


yo If terigated 7 days after cutting 
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Grasses: Grasses grown for hay reach kc(peak) values within 6 to 8 days after cutting. The kc(low) 
values are 10 to 20 percent higher than the kc(low) values shown for alfalfa since considerable 


vegetation is left on the ground after cutting. 


Clover and grass-legume mixture: Due to some cover left after cutting, kc(low) will be close to 
that of grass, while kc(peak) will be closer to alfalfa. 


Pasture (grass, grass-legumes and alfalfa): Depending on pasturing practices, kc values will show 
a wide variation. The values presented assume excellent plant population density, high fertility and 
good irrigation. For pastures kc(low) may need to be taken close to kc(low) alfalfa under poor 


pasturing practices when all ground cover is destroyed. 


Table 23 kc Values for Alfalfa, Clover, Grass-legumes and Pasture 
Grass for Clover, Grass- ; | 
Alfalfa hay lecumes Pasture 
Humid | ke mean 0.85 0.8 1.0 0.95 
Light to moderate wind kc peak 1.05 1.05 1.05 1.05 
kc lowl/ 0.5 0.6 0.55 0.55 
Dry ke mean 0.95 0.9 1.05 1.0 
Light to moderate wind kc peak 1.15 1.1 1.15 1.1 
ke lowl/ 0.4 0.55 0.55 0.5 
Strong wind ke mean 1.05 1.0 1.1 1.05 
ke peak 1.25 1.15 1.2 21.15 
kc lowl/ 0.3 0.5 @255 0.5 


kc(mean) represents mean value between cutting, kc(low) just after cutting, kc(peak) just before 
harvesting 
V Under dry soil conditions; under wet conditions increase values by 30%. 


ae. 


(c) Bananas 


Values of kc for bananas are given in Table 24 for Mediterranean and tropical, climates. 
For the Mediterranean climate data are given for both first year with planting in mid-March and 
for second year with removal of original plants in early February. For the early stages of crop 
development, especially in the first year, kc values reflect little ground cover and rainfallis 
presumed at 5-7 day intervals. For less frequent rain, lower kc values should be used. Figure 6 
can be used for estimating kc during the first 2 months after planting, taking into account rainfall 
frequency and level of ETo. The drop in kc in February refiects the removal of original large 
plants at that time. Local practices should be taken into account in timing the drop in kc, with 
subsequent recovery to higher values 4-5 months later, or as ground cover again approaches 70-80 
percent. Months mentioned in Table 24 refer to the northern hemisphere; for the southern hemi- 


sphere add 6 months. 


For tropical regions kc vaiues for months after planting are given ee 
take place during any month. Smaller kc values after 10 months reflect ra J aecline of active 1. 
area of the mother plants. The low kc values during early months apply where heavy mulching is 


practised; in cases of bare soils and frequent rains, kc values are 0.8 to 1.0 and Figure 6 can be 


consulted. 


Table 24 kc Values for Bananas 


Jan Feb Mar Apr May june fuly Aug Sept Oct Nov Dec | 


Mediterranean climate 
First-year crop, based on March planting with crop height 3.5m by August: 


Humid, light to mod. - - 65 .6 .55 .6 D 85 95 1.0 1.0 1.0 
wind 
Humid, strong wind - - 65 .6 -55 .6 75 «9 1.0 1.05 1.05 1.05 


Dry, strong wind 


Second season with removal of original plants in Feb. and 80% ground cover by August: 


1 

| 

t 

| 

i 

Dry, light to mod. wind - - 
| Humid, light to mod. 

| 


wind 1.0 8 .75 .7 275 9 1.05 1.05 1.05 1.0 1.0 
Humid, strong wind 1.05 .8 .75 .7 . 8 *.95 1.1 1.1 1.1 1.03 1.05 
Dry, light to mod wind 1.1 7 98 «7 we FD 85 1.05 1.2 1.2 1.20 1.15 1.15 
Dry, strong wind 1.1 7 395- «Te 275 9 1.1 #1.25 1 1.25 1 


Tropical climates 


months following planting: _1 2 3 4 2 | 
4 4 .45 6.5 1.6 «7 


-55 1. de Te 9. 
suckering| j harvesting| 


ey vise 


(d) Cacao 


Cacao is found in climates with high humidity / high temperature and a welt distributed 
annual rainfall of at least 1 500 mm, unless irrigation is practised. Also, due to its shallow rooting 
depth, cacao is sensitive to drought and growth has been observed to cease when only two thirds of the 
available soil water in the root!zone are used and yields reduce when half the available soil water is 
used. For close tree spacing without cover crop and shade trees kc value suggested is 0.9 to 1.0 


with shade trees and undergrowth, 1.1 to 1.15. 


(e) Citrus. 


The kc value for citrus, large mature trees, includes different tree ground cover with 
clean cultivation and no weed control. Since citrus is grown primarily in dry Mediterranean-type 
climates, only this condition is considered. The effect of wind stronger than moderate is negligible 
since citrus has good transpiration control. This control or stomatal resistance varies with humidity 
and temperature,i.e. high resistance under dry and hot conditions and lower resistance under humid 
and cooler conditions. Therefore the presented kc values may need ta be increased by 15 to 20 per- 


cent during mid-summer in humid and cooler climates. 


For young orchards with a low percentage of tree ground cover, kc values given assume 
20 percent and 50 percent tree ground cover. With frequent rain or irrigation, kc values for 
clean cultivation will approach those of no weed control. Some studies indicate somewhat higher kc 
values, up to 10-15 percent for grapefruit and lemons compared with those given. Months mentioned 


refer to northern hemisphere; for southern hemisphere add 6 months. 


Table 25 ke Values for Citrus (Grown in Predominantly Dry Areas with Light to Moderate Wind) 


Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec 


Large mature trees 
providing = 70% 
ree ground cover 
Clean cultivated 


No weed control 
Trees providing = 50% 


tree ground cover 
Clean cultivated 


No weed control 


Trees providing = 20% 
tree ground cover 
Ciean cultivated 


No weed control 


(€2) Coffee 


Two species of coffee provide the bulk of the world's supply. Coffea arabica and Coffea 
robusta. Only the former is irrigated on a limited scale; much of it is grown at ‘higher altitudes 
(1000 - 2000 m). For mature coffee grown without shade and where cultural practices involve 
clean cultivation with heavy cut grass mulching, crop coefficients of around 0.9 are recommended 
throughout the year. If significant weed growth is allowed, coefficients close to 1.05 - 1.1 would 


be more appropriate. 


(g) Dates 


The date palm is a drought resistant plant but during prolonged drought growth will be 
retarded, then cease and old leaves will die. To maintain growth and high yields of good quality a 
regular water supply is needed throughout the year with a possible exception just prior and during 
harvest. Water deficiencies during spring and early summer have been shown to hasten ripening 
but reduce size and quality of fruits. Depending on climate suggested kc values for mature groves 
are 0.3 - 1.0. 


Ch) Deciduous fruits and nuts 


Values of kc for deciduous fruit and nut crops for cover-crop conditions. and clean 
cultivated are presented in Table 26. Coefficients given relate to full-grown trees with spacings 
that provide about 70 percent ground cover. Examples are given for both higher latitudes (e.g. 
northern Europe, northern U.S.A.) with cold winters .and growing seasons extending from around 
1 May (blossom) to 1 November (killing frosts) and lower latitudes with warm winter conditions 
(e.g. Mediterranean). In the former, and at altitudes greater than 1 200 m in lower latitude areas, 
trees have leaves for some 5¥2 to 6 months, with time of harvest varying from mid-July for cherries 
to mid-October for late varieties of apples. For lower latitudes near sea level, blossom occurs one 
month or more earlier with a wide range of harvest dates, starting and ending several weeks earlier 
for respective species and varieties than at the higher latitude. However, trees generally have 
leaves longer, e.g. well into November. Months mentioned refer to northern hemisphere; for 
southern hemisphere add 6 months. , 
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Gi) Grapes 

The ke values for grapes will vary considerably with cultural practices such as vine and row 
spacing, pruning, trellising height and span, and with extreme varietal differences in vine growth. 
Grapes, normally clean cultivated, use less water than many other crops due to cultural practices 
resulting in only 30 to 50 percent ground cover. Also there may be a somewhat greater degree of 


stomatal control of transpiration compared to many other crops. 


In Table 27 the ke values for grapes are presented for cold winter, light winter and hot, 
dry summer climatic conditions. For areas with cold winters, kc values for Concord grapes are used, 
a variety which develops a somewhat greater degree of ground cover than that used for light winter 
and hot, dry summer conditions. It is, however, quite common to plant a ground cover in August to 


help deplete available nitrogen and to provide better winter hardiness. 


In the last two cases kc values need to be reduced when ground cover is less than 35 per- 
cent. For all cases infrequent irrigation and dry soil surface during most of the time are assumed. 
Data refer to conditions without caver crop, e.g. clean cultivated, weed free. Months mentioned in 


Table 27 refer to northern hemisphere; for southern hemisphere add 6 months. 


Table 27 ke Values for Grapes (Clean Cultivated, Infrequent Irrigation, Soil Surface 
, Dry Most of the Time 


Feb Mar Apr May June July Aug Sept Oct Nov Dec 


Mature grapes grown in areas with killing frost; initial leaves early May, harvest mid-Septembe 
ground cover 40-50% at mid-season 


humid, light to mod. wind . : : 8 -75 «65 
humid, strong wind «5 oe , 385 .8 -7 
dry, light to mod. wind -85 


. 8 9 : 
dry, strong wind : . : 95 .9 75 


Mature grapes in areas of only light frosts; initial leaves early April, harvest late August to 
early September; ground cover 30-35% at mid-season 


humid, light to mod. wind 5 -55 «.6 -6 -6 ? : 
humid, strong wind 5 55 .65 ..65 .65 .65 .55 
drv, light to mod. wind 45 .6 a7 <7 27 .7 .6 

dry, strong wind 45 .65 .75 -75 °.75 = .75 ~~ .65 


es) 


Mature grapes grown in hot dry areas; initial leaves late February-early March, harvest late 
half of July; ground cover 30-35% at mid-season 


- S S25) 6O57 s6i . ih 865). 255 S25) «350° = 
- _-25  .45 .65 .75 .75 .7 .55. -45 .35 - 


dry, light to mod. wind 
dry, strong wind 


>) Olives 


The olive tree is particularly resistant to drought but prolonged drought negatively affects 
yieids. Table olive production requires somewhat more water than olive production for oil. While 
olive orchards can be found in areas of little more than 200 mm they are most common in areas with 
400 to 600 mm annual precipitation. Drought is most damaging on yields during the stone hardening 
and fruit swelling stage which occurs in the Mediterranean area during August-September. One or 
two irrigations of total 2 000 to 4 000 m°/ha at this time have shown increase in yields considerably. 


Another critical period is just before fruit setting. For mature trees and depending on tree spacing 
and age cf trees, kc values vary from 0.4 - 0.7. 


Gps 


(k) Rice 


For paddy rice kc values are given in Table 28 for different geographical locations and 
seasons. Wind conditions and, during the dry season, the relative humidity may be important; 
where during the dry season the minimum relative humidity is more than 70 percent, the kc values 
given for the wet season should be used. 


No difference is assumed in kc values between broadcast or sown and transplanted rice 
since percentage cover during first month after transplantation is little different from that of broad- 
cast rice. There are differences in growing season according to variety; therefore the length of 
mid-season growth period will need adjustment. Local information on length of growing season will 
need to be collected. 


For upland rice, the same coefficients given for paddy rice will apply since recommended 
practices involve the maintenance of top soil layers very close to saturation. Only during initial 


crop stage will kc need to be reduced by 15 to 20 percent. 


Table 28 ke Values for Rice 
Humid Asia ; 
wet season (monsoon) June-July 
light to mod. wind 1.1 1.05 95 
strong wind 1.15 1.1 1.0 
dry season 1/ Dec - Jan : 
light to mod. wind 1.1 1.25 1.0 
strong wind 1.15. 1.35 1.05 
North Australia 
wet season Dec - Jan 
light to mod. wind 1.1 1.05 -95 
strong wind 1.15 1.1 1.0 
South Australia 
dry summer Oct 
light to mod. wind 1.1 1.25 1.0 
strong wind 1.15 1.35 1.05 
Humid S. America 
wet season Nov-Dec 
light to mod. wind 1.1 1.05 295 
strong wind 1.15 1.1 1.0 
Europe (Spain, S. 
France and ltaly) 
dry: season May-June Sept-Oct 
light to mod. wind 1.1 1.2 95 
strong wind 1.15 1.3 1.0 
U.S.A, 
wet summer (south) May Sept-Oct 
light to mod. wind 1.1 1.1 295 
strong wind 1.15 1.15 1.0 
dry summer (Calif.) early May j early Oct 2 
light to mod. wind 1.1 1.25 1.0_ 
1.15 1.35 1.05 


| strong wind 


1/) Only when RHmin > 70%, ke values for wet season are to be used. 


nae 


QD) Sisal 


Sisal requires relatively small amounts of water and excess water will negatively affect 


vield. The suggested kc value is perhaps 0.3 - 0.4. 


(m) Sugarcane 


Crop coefficients for sugarcane may vary considerably depending on climate and cane 
variety, particularly for initial and crop development stages. Also early crop development varies 
according to whether it is virgin or a ratoon crop. Total length of growing season varies with 
climate and according to whether the crop is virgin or ratoon. For virgin plantings this may range 
from 13 to 14 months in hot Iran to 16 months in Mauritius and up to 20 to 24 months in some cases in 
Hawaii. Ratoon crop season varies from as short as 9 months in Iran to 12 months in Mauritius and 


up to 14 months in other areas. 


To determine kc values, use of local data or information on rate of crop development for a 
given cane variety is essential. Data provided refer to a 12 month ratoon crop and to a 24 month 


virgin cane. Irrigation application usually ceases 4 to 6 weeks before harvest. 


Table 29 . ke Values for Sugarcane 


RHmin} 70% RHmin €20% 


mod. wind | wind |mod. wind] wind 
«55 .6 3 3 


Growth stages 


planting to 0.25 full canopy 
0.25-0.5 full canopy 


2- 3.5- 4.5} 0.5-0.75 full canopy 
2.5- 4.5-6 0.75 to full canopy 
4-10 6-17 peak use 


early senescence 


ripening 


The water requirement of tea bushes in full production can be assumed to be close to ETo. 
Hence, crop coefficients of around 0.95 to 1.0 are suggested for non-shaded plantations where more 
than 70 percent ground cover exists. Where grown under shade trees, kc values of 1.05 - 1.1 would 
be more appropriate for more humid periods, and perhaps 1.1 - 1.15 for dry periods. 


(o) Non-cropped or bare soils 


To determine the water balance, particularly after winter rains, estimation of evaporation 
losses from the soil surface (Esoil) is needed. This will assist, for instance, in the determination 
of the first irrigation application on a wheat crop sown in March-April following winter rains. Esoil 
will be greatly affected by the water content of the soil surface, frequency and depth of rain, type of 
soil and level of evaporative demand. To determine the coefficient, Figure 6 should be used; the 
prediction of Esoil closely follows the method shown for field crops, initial stage. Data presented 
in Figure 7 assume a medium textured soil. For light and heavy-textured soils kc values may need a 


downward adjustment by some 30 percent and upward by some 15 percent respectively. 


iis Estimation of Esoil from fallow, essentially weed-free soil. 
iven: 
Cairo; ETo as given and obtained from Penman Method (1.3); fictitious 
rainfall data on frequency. 
Calculation: 
From ETo in mm/day and data on frequency of rainfall, select kc value 
from Figure 6. 

Nov Dec Jan Feb Mar 


ETo mm/day 3.2 2.3 2.7 3.8 5.0 Method 1.3 
Frequency of rain, days 7 7 5 7 10 Data 
k factor 6 .65 255 3 Fig. 6 


-7 : 
Esoil mm/day = k .ETo. 1.9 1.5 1.9 2.1 1.5 Cale. 


(p) Aquatic weeds and open water 


Evapotranspiration of floating and flat leafed aquatic weeds is very similar to that of 
grass. Protruding types have a slightly higher rate due to increased roughness, particularly under 
dry and windy conditions. Reeds such as papyrus and cattails appear to have lower values caused 
primarily by the plant characteristics affecting evapotranspiration. Under non-flooding conditions 
and in drying soils ETreeds can be expected to be considerably lower. In the case of fully submerged 
weeds the water loss can be taken to be equal to that of open water evaporation. In Table 30 the kc 


values for different aquatic weeds for various climatic conditions are given. 


Water loss by evapotranspiration of aquatic weeds is frequently compared to evaporation 
of an open water surface (Eo). Studies carried out under natural conditions show that when the 
water surface is covered by aquatic weeds the water loss into the atmosphere will be lower than that 
from a free water surface. This is due to a combination of the sheltering of the water surface by the 
weeds and a higher reflectance of the green plants and their internal resistance to transpiration. 
The conflicting data found in literature which show ETaquatic weeds to be far greater than Eo may be 
related to small lysimeter and pan experiments carried out on land surfaces which are not represent- 


ative of the natural conditions under which aquatic weeds grow. 


Coefficients relating open water evaporation Eo to reference crop evapotranspiration 
(ETo) are presented in Table 30. These values apply to shallow reservoirs and lakes with depths 
of less than 5 m and can be used to compute monthly Eo, once monthly ETo has been determined. 
The presented values apply equally to deep reservoirs and lakes in equatorial zones. For areas 
with a change in climate during the year, the given coefficients should be used only for computing 


yearly evaporation losses. Deep water bodies have an appreciable heat storage which will cause 
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a time-lag in evaporation of 4 to 8 weeks depending on the type of climate and size and depth of the 
water body. For reservoirs and lakes with a depth exceeding 25 m, due to heat storage the k values 
during spring and early summer may be 20 to 30 percent lower; due to heat release during late 


summer and early autumn k values may be 20 to 30 percent higher. 


Table 30 ke Values for Aquatic Weeds and Coefficients for Open Water 


Type of vegetation 


Submerged (crassipes) 
Floating (duckweed) 

Flat leaf (water lilies) 
Protruding (water hyacinth) 


Reed swamp (papyrus, cattails) 
standing water 
moist soil 
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3. FACTORS AFFECTING ETcrop 
‘L 


ET crop obtained by the methods discussed earlier refers to evapotranspiration of a 
disease-free crop, grown in very large fields, not short of water and fertilizers. Actual ETcrop 
will depend on local factors which are not covered in the presented methods. Additional consid- 
erations are therefore givén; their practical significance in determining field irrigation supply and 


scheduling is included in Part ll. 


The example used in earlier chapters on methods calculating ETcrop is applied to 
illustrate the effect of local conditions. As already shown, ETcrop included the effect of climate 


on crop water requirements as mean value of ETo in mm/day for the different months and the effect 


of crop characteristics as kc or ETcrop = kc. ETo. 
EXAMPLE: 
Given: 
Cairo; maize sown in mid-May; growing season 125 days till mid-September. 
Calculation: 
Ma une ul Au Sept 
ETo mm/month C/2) 27 282 273 = - 236 /2183 Method 1.3 
ke 0.35 0.6 1.14 1.08 0.75 Fig. 7 
ETmaize mm/month 50 170 310 255 70 
3.1 CLIMATE 


Variation with Time 


it is common practice to use mean climatic data for determining mean ETcrop. However, 
due to weather changes, ETcrop will vary from year to year and for each period within the year. 
Annual ETcrop will vary.some 10 percent for humid tropics up to some 25 percent for mid-continental 


climates. 


From year to year, the monthly values show greater variation. For instance, in mid- 
latitude climates radiation for a given month can show extreme variations. In areas having distinct dry 
and wet seasons, the transition month shows significant differences from year to year depending on 
rains arriving early or late. Monthly ETcrop values can vary from one year to the next by 50 per- 


cent or more. 


Daily values can vary drastically, with low values on days that are rainy, cloudy, humid 
and calm and with high values on dry, sunny and windy days. The range of daily, 10-day and monthly 
ETcrop that can occur is given in Figure 9. This variation will obviously be obscured when using 


mean climatic data to obtain mean ETcrop. 


In selecting ETcrop for project planning and design, knowledge should be obtained on 
level and frequency at which high demands for water can be expected, particularly in the months of 
peak water use. To obtain for each month a measure of the probable range of crop water demands 
and to allow an assessment of the tolerable risk of meeting such demands with the selected irrigation 
supply, monthly ETcrop should be calculated for each year of climatic record. When sufficiently 


long climatic records are available (10 years or more) a frequency analysis can be made similar to 
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ETryegrass for each month in coastal mean ETryegrass during peak period 
California Valley (Nixon etal. , 1972) June-July (Nixon et_al., 1972) 


that given for rainfall (Part 11). The value of ETcrop selected for design can then be based on a 
probability of 75 or 80 percent or highest ETcrop value out of 4 or 5 years. Using Figure 9, rather 
than taking for July mean ETcrop = 4 mm/day or 124 mm/month, for planning and design purposes 


4.8 mm/day (150 mm/month) would be selected, and so on for other months. 


A first estimate of meeting ETcrop three out of four years but still using mean ETcrop 
data can also be obtained using Figure 10. Degree of weather variations for different types of 
climate is important. However, available soil water has a balancing effect in meeting short duration, 
high ETcrop values; this effect is smaller for shallow, light soils than for deep, fine textured soils. 
Available soil water should therefore be considered. This calculation is usually done for months of 


peak water use. 


EXAMPLE: 

Given: 

Cairo; arid climate with clear weather conditions during months of peak 
water use. Medium soils with available soil water following irrigation of 
60 mm. Crop is maize. 


Calculation: 

Ma une uly _Au Sept 
ETmaize mm/day 3.1 5. 10.0 8.2 4.6 
correction peak ETcro - Lad 1.1 Fi 10 
ETmaize mm/day 3) 5. 1.0 9.0 


Variation with Distance 


In calculating ETcrop, by necessity climatic data are sometimes used from stations located 
some distance away from the area under study. This is permissible in areas where the same weather 


extends for long distances. Zones with rapid changes in climate over short distances frequently 
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1. Arid and semi-arid climates and those with 
predominantly clear weather conditions 
during month of peak ETcrop. 
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Fig. 10 Ratio peak and mean ETcrop for 
different climates during month of 
peak water use 
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occur, for instance in arid areas inland from large lakes (at Lake Nassar Epan only 250 m from the 
shore is up to double Epan at the shoreline) and where an airmass is forced upward by mountain 
ranges. With the change in weather over distance consequently ETcrop may change markedly over 


small distances, as is shown for California in Figure 11. 
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Fig. 11 Change in ETo with distance from 
ocean, California (State of California 
Bulletin 113-2, 1967) oO 


Variation with Size of Irrigation Development, Advection 


Meteorological data used are often collected prior to irrigation development in stations 
located in rainfed or uncultivated areas, or even on rooftops and airports. Irrigated fields will 
produce a different micro-climate and ETcrop may not be equal to predicted values based on these 


data. This is more pronounced for large schemes in arid, windy climates. 


in arid and semi-arid climates, irrigated fields surrounded by extensive dry fallow areas 
are subject to advection. Airmass moving into the irrigated fields gives up heat as it passes over. 
This results in a 'clothesline' effect at the upwind edge and an ‘oasis’ effect inside the irrigated 
field. With warm, dry winds, appreciably higher ETcrop can be expected at the upwind edge of the 


field. With increased distance the air becomes cooler and more humid. The ‘clothesline’ effect 


20 


Epan mm/day 


ie) 300 600 900 1200 


2100 2400 
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Change in Epan (Hudson) 
for cross-section over 
cotton and fallow fields 
in Sudan (Hudson, 1964) 
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becomes negligible with distance from the border which may extend in hot, dry climates for 100 to 
400 m for windspeed greater than 5 m/sec. It follows that due to the ‘clothesline’ effect results of 


irrigation trials conducted on a patchwork of small fields and located in dry surroundings may show 


up to double ETcrop’as compared to that of future large schemes. Caution should be used when 


extrapolating such results to large future projects. 


Due to the 'oasis' effect, ETcrop will be higher in fields surrounded by dry fallow land as 


compared to surrounded by extensive vegetated area. However, air temperature is generally lower 


and humidity higher inside the large irrigated schemes as compared to outside the scheme. Therefore, 


when ETcrop is predicted using climatic data collected outside, or prior to irrigation development, 
in semi-arid and arid areas, ETcrop could be over-predicted by 5 to 15 percent for fields of 5 to 20 
hectares and 10 to 25 percent for large schemes with cropping density close to 100 percent. The 


main cause of this difference in over-prediction due to cropping density is the distribution in fallow 


Clothasiine effact 


ea + sacra ES aoe Oasis effect 
—— 
13 x : : | nn  OPOSS - 
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Te Be eceigeg deciduous ‘rees 
%: % i . 
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(advection ) 


factor 


correction 
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Size of field, ho 


and cropped fields; above the fallow fields the air is heated 
and also becomes drier before moving into the next field. This 
is shown in Figure 12 presenting Epan(small Hudson type) for 
a given cross-section over irrigated cotton and fallow fields 


in the Gezira scheme, Sudan. 


Using climatic data collected outside or prior to 
irrigation development, Figure 13 suggests the correction 
factors needed to obtain ETcrop for irrigated fields of diff- 
erent sizes located in dry fallow surrounds in arid, hot 
conditions with moderate wind. Factors should not be applied 
to very small fields (€ 0.05 ha) since the correction on ETcrop 
could be large enough to result in wilting of the crop and 
stunting of growth. 


Fig. 13 Correction factor for ETcrop when determined using climatic data collected outside or prior 
to irrigation development, for different sizes of irrigated fields under arid and moderate 


wind conditions 
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EXAMPLE: 

Given: 

Maize grown in fields of 10 ha with cropping density of some 50 percent; 
climatic data collected prior to irrigation development. 


Calculation: 
May June July Aug Sept 
ETmaize 3.1 5.6 11. 
- ) 0. 


ae 4.6 
3.1 5-0 9.9 7.4 4.6 


correction advection 
ETmaize mm/day 
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Variation with Altitude 


In a given climatic zone ETcrop will vary with altitude. This is not caused by difference 
in altitude as such but mainly by associated changes in temperature, humidity and wind. Also radia- 
tion at high altitudes may be different to that in low lying areas. Use of presented ETcrop methods will 
remain problematic for high altitude areas with possible exceptions of Penman and Pan methods with 
data collected at site. As given earlier, for the Blaney-Criddle method, ETo may be adjusted by 


10 percent for each 1 000 m altitude change above sea level. 


3.2 SOIL WATER 


Published data on depth over which the crop extracts most of its water show great 
iifferences. With salt-free soil water in ample supply, water uptake for most field crops has been 
expre. as 40 percent of total water uptake over the first one-fourth of total rooting depth, 30 per- 

1 over ine second c. :-fourth, 20 percent over the third and 10 percent over the last. However, 
movemna.tof il water will .- <2 place inside and to the rootzone when portions become dry. Also 
water can be su, »lied to the roots from shallow groundwater. If plants are sufficiently anchoréd and 
there are prope’ wing conditions, inci. “ing avaiiavle water and nutrient, soil aeration, soil 
temperature and soil structurs, ; 1: top '* rot affected even when rooting depth is severely restricted. 


Water management practices shoula ve. , ¢-4 accordingly. 


Level of Available Soil Water 


The methods presented on ETcrop assume soil water in ample supply. After irrigation or 
rain, the soil water content will be reduced primarily by evapotranspiration. As the soil dries, the 
rate of water transmitted through the soil will reduce. When at some stage the rate of flow falls 
below the rate needed to meet ETcrop, ETcrop will fall below its predicted level. The effect of soil 
water content on evapotranspiration varies with crop and is conditioned primarily by type of soils 
and water holding characteristics, crop rooting characteristics and the meteorological factors 
determining the level of transpiration. With moderate evaporative conditions whereby ETcrop does 
not exceed 5 mm/day, for most field crops ETcrop is likely to be little affected at soil water tensions 
up to one atmosphere (corresponding approximately to 30 volume percentage of available soil water 
for clay, 40 for loam, 50 for sandy loam and 60 for loamy sand). When evaporative conditions are 
lower the crop may transpire at the predicted ET rate even though available soil water depletion is 
greater; when higher, ETcrop will be reduced if the rate of water supply to the roots is unable to 
cope with transpiration losses. This will be more pronounced in heavy textured than ip light textured 


soils. 


ee Since reduction in evapotranspiration 
5 affects crop growth and/or crop yields, timing and 
ie magnitude of reduction in ETcrop are important 
; criteria for irrigation practices. Following an 


irrigation the crop will transpire at the predicted 
rate during the days immediately following irrig- 
ation. With time the soils become drier and the 
rate will decrease, more so under.high as compared 


. 
to low evaporative conditions. This is shown in 


Meon ET cotton for p> 
o 


4a 


doya 0 4 8 2 (16 20 24 2 (82 3s ‘Figure 14 for cotton grown in Egypt on a fine text- 
irrigation interval 5 a 
ured soil. Whether or not the reduction in ETcrop 
Fig. 14 Mean actual ETcotton over the irrig- is permissible during part or whole growing season 
ation interval for different durations a ices aE ee 
of irrigation interval and for different can be determined only when the efiect of sot 
ETcotton levels (Rijtema and water stress on yield during various stages of 


Aboukhaled, 1975) 


growth is known. 


In planning and design, the predicted ETcrop values should be applied unless specific 
objectives are pursued such as assuring that the greatest number of farmers benefit from irrigation 


or maximising yield per unit of water when available water supply is the limiting factor. 


Groundwater 


For most crops, growth and consequently ETcrop will be affected when groundwater is 
shallow or the soil is waterlogged. In spring in cooler climates, wet soils warm up slowly, causing 
delay in seed germination and plant development; land preparation may be delayed, resulting in 
later planting. Consequently, different ETcrop values apply during the remainder of the season. 


The tolerance of some crops to shallow groundwater tables and waterlogging is given in Table 31. 


Table 31 Tolerance Levels of Crops to High Groundwater Tables and Waterlogging 


Groundwater at 50 cm Waterlogging 
High tolerance sugarcane, potatoes, broad beans ee willow, strawberries, 
various grasses, plums 


citrus, bananas, apples, 
pears, blackberries, 
onions 


sugarbeet, wheat, barley, oats, 


Medium tolerance eo 
peas, cotton ~~ 


Sensitive maize, tobacco peaches, cherries, date 
palms, olives, peas, beans 


Source: Irrigation, Drainage and Salinity. An International Source Book. FAO/Unesco, 1973. 


Higher groundwater tables are generally permitted in sandy rather than loam and clay 
soils due to the difference in capillary fringe above the groundwater table. For most crops minimum 
depth of groundwater table required for maximum yield has been expressed as: for sand, rooting 


depth + 20 cm; for clay, rooting depth + 40 cm; for loam, rooting depth + 80 cm. No correction on 
ETcrop will be required. 
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Salinity 


ETcrop can be affected by soil salinity since the soil water uptake by the plant can be 
drastically reduced due to higher osmotic potential of the saline groundwater. Poor crop growth 
may be due to adverse physical characteristics of some saline soils. Some salts cause toxicity and 


affect ae The relative extent to which each of these factors affect ETcrop cannot be distin- 
: 1 
guished. — 


Reduced water uptake under saline conditions is shown by symptoms similar to those 
caused by drought, such as early wilting, leaf burning, a bluish-green colour in some plants, 
reduced growth and small leaves. The same level of soil salinity can cause more damage under high 
than under low evaporative conditions. The negative effect of soil salinity can be partly offset by 
maintaining a high soil water level in the rootzone, and unless crop growth is impeded, predicted 
ETcrop values will apply. (For leaching requirements, see Part Il, 1.2.3.) 


Water and Crop Yields ms 


_ 
nN 


For many crops ETcrop has shown a direct relation-~ 
ship with dry matter production when, except for water, the 


_ 
° 


growth factors such as fertility, temperature, sunshine and soil 


are not limiting. Different relationships apply to crop species; 
under similar conditions to obtain the same dry matter yield 
ETalfalfa may need four times the amount of water than that for 
sorghum, and twice that for wheat. Also climate has a pro- 


nounced effect, as is shown in Figure 15 for dry matter yield 


Cumulotive meosured growth ton/ha 


of grass. 2 
fe) 
Where yields are either the chemical product (sugar, © 200 400 600 800 1000 
oil) or the reproductive part (grain, apples).of the plant, varietal Cumulative ET (grass) mm 
characteristics are pronounced. With the same ETcrop, yield Fig. 15 Relation between ETgrass 
of high yielding rice varieties can be four times that of the and dry matter production 
: from pastures at different 
traditional varieties under good water management and timely latitudes (Stanhill, 1960) 


supply of inputs. However, for adaptive varieties recent 

concepts show that the ratio of relative harvested yield to relative ETcrop may be nearly constant 
when growth factors other than water are not limiting (Stewart and Hagan, 1973, 1974). This is 
shown in Figure 16 for 14 non-forage crops where the envelope curve represents some 90 percent 
of data drawn from various sources. The scatter found in Figure 16 is caused by many factors 


including timing and duration of soil water shortages. 


The effect of timing and duration of water shortage on some crops is very pronounced 
during certain periods of growth; Figure 16(2) shows that for maize yields are negligible when ET 


is severely restricted during the tasseVling stage; Figure 16(3) shows that prolonged reduction in 


1/ Westcot, D.W. and Ayers, R.S. Water quality for agriculture. Irrigation and Drainage Paper 
~ No. 29. FAO Rome, Italy. 1976. 
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virgin cane (Downey, 1972; Chang, 1963) 
ET sugarcane during the period of active growth has a much greater negative effect on yield than 
when experienced during late growth. Reduction in ETcropis particularly critical when the crop 1° 
sensitive to soil water stress and could drastically affect yields. Sensitive stages for some crops 
are given in Table 32. However, slight, timely ET reduction by withholding water may have a 
positive effect on yields such as improved quality in apples, peaches and plums, aromatic quality of 
tobacco, oil content of olives and sugar content in sugarcane. Without a scheduled water shortage 
for cotton vegetative growth will continue while yield of fibre will be greatly reduced. A compre- 
hensive review of yield response to water during different stages of crop growth is given in the 
references quoted. i 


3.3 METHOD OF IRRIGATION 


ETcrop is affected little by the method of irrigation if the system is properly designed, 
installed and operated. The advantages of one method over another are therefore not determined by 
differences in total irrigation water supplied but by the adequacy and effectiveness with which crop 
requirements can be met. ‘ 


Different methods imply different rates of water application. When comparing the various 
methods in terms of water efficiency in meeting crop demand such differences should be recognized; 
the apparent superiority of one method over another may be merely the result of too much or too 


little water being applied. There may be no fault in the actual method of irrigation, only in the 
management. 


i/ Slatyer, R.O. Plant-water relationships. Academic Press, 1967. 
Hagan, R.M. , Haise, H.R. and Edminster, T.W. Irrigation of Agricultural Lands, ASA No. 11. 
Kozlowski, T.T. Water Deficits and Plant Growth I, Il and II]. Academic Press, 1968. 


Salter, P.J. and Goode, J.E. Crop Responses to Water at Different Stages of Growth. 
Commonwealth Agricultural Bureau, 1967. 


Vaadia, Y.F. etal. Plant Water Deficits and Physiological Processes. American Review of 
_ Plant Physiology. 12:265-292, 1961. 
de Wit, C.T. Transpiration and crop yields, Verslagen Lanbk. Onderz. 64.6. 1958. 
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Table 32 


Critical Periods for Soil Water Stress for Different Crops 


Castor bean 


Small grains 


Alfalfa just after cutting for hay and at the start of flowering for seed 
production 

Apricots period of flower and bud development 

Barley early boot stage > soft dough stage > onset of tillering or ripening 
stage 

Beans flowering and pod setting period > earlier > ripening period. 
However, ripening period > earlier if not prior water stress. 

. Broccoli during head formation and enlargement 
Cabbage during head formation and enlargement 


requires relatively high soil water level during full growing period 


Cauliflower requires frequent irrigation from planting to harvesting 

Cherries period of rapid growth of fruit prior to maturing 

Citrus flowering and fruit setting stages; heavy flowering may be induced by 
withholding irrigation just before flowering stage (ene: "June drop" 
of weaker fruits may be controlled by high soil water levels 

Cotton flowering and boll formation > early stages of growth > after boll 
formation 

Groundnuts flowering and seed development stages > between germination and 
flowering and end of growing season 

Lettuce requires wet soil particularly before harvest 

_Maize pollination period from tasselling to blister kernel stages > prior 

to tasselling > grain filling periods; pollination period very critical 
if no prior water stress 

Oats beginning of ear emergence possibly up to heading 

Olives just before flowering and during fruit enlargement 

Peaches period of rapid fruit growth prior to maturity 

Peas at start of flowering and when pods are swelling 

Potatoes high soil water levels; after formation of tubers, blossom to harvest 

Radish during period of root enlargement 

Sunflower possibly during seeding and flowering - seed Cevelopment stage 


boot to heading stage 


Sorghum secondary rooting and tillering to boot stage > heading, flowering and 
grain formation > grain filling period 

Soybeans flowering and fruiting stage and possibly period of maximum 
vegetative growth 

Strawberries fruit development to ripening 

Sugarbeet 3 to 4 weeks after emergence 

Sugarcane period of maximum vegetative growth 

Tobacco knee high to blossoming 

Tomatoes when flowers are formed and fruits are rapidly enlarging 

Tu ips when size of edible root increases rapidly up to harvesting 


Water melon 
Wheat 


blossom to harvesting 
possibly during booting and heading and two weeks before pollination 


Bela 


A number of practices thought to affect ETcrop are mentioned briefly below: 


Surface Irrigation 


Reducing the area wetted by alternate furrow irrigation generally has little effect on 
ETcrop. The positive effect on crop growth sometimes noticed should be ascribed to other factors 
such as better soil aeration. Reduction in evaporation from the soil surface is obtained in the case 
of incomplete crop cover (less than 60 percent) and/or by wetting only a relatively small area (less 
than 30 percent). This latter is practised in orchards and vineyards by irrigating near the trunks; 


the net reduction in seasonal ETcrop will in general not be more than 5 percent. 


Sprinkler Irrigation 


Transpiration by the crop may be greatly reduced during application but will be compen- 
sated by increased evaporation from the wet leaves and soil surface. The combined effects do not 
greatly exceed predicted ETcrop. The effects of under-tree sprinkling on water savings are 
unlikely to be very great. With above-tree canopy sprinkling the micro-climate can change consid- 
erably but is, however, relatively short lived and little effect on ET crop will be observed except 


possibly for centre-pivot systems with daily water application. 


Evaporation losses from the spray are small and generally below 2 percent. Losses due 
to wind drift may be considerable at higher wind speeds and can reach 15 percent at 5 m/sec. Strong 
winds also result in a poor water distribution pattern. Sprinkler irrigation should not normally be 


used when windspeeds are over 5 m/sec. 


Drip or Trickle Irrigation 


A well operated drip system allowing frequent application of small quantities of water can 
provide a nearly constant low tension soil water condition in the major portion of the rootzone. The 
high water use efficiency can be attributed to improved water conveyance and water distribution to 
the rootzone. ETcrop with near or full ground cover is not affected unless under-irrigation is 
practised. Only with widely spaced crops and young orchards will ETcrop be reduced since evap- 
oration will be restricted to the area kept moist. For young orchards with 30 percent ground cover 
on light, sandy soils and under high evaporation conditions requiring very frequent irrigations, a 
reduction in ETcrop of up to possibly 60 percent has been observed. This reduction would be ‘con- 
siderably lower for medium to heavy textured soils under low evaporative conditions requiring much 
less frequent irrigation. For closely spaced crops under drip irrigation the crop water require- 
ments can be predicted using the methods described.. . 


Subsurface Irrigation 


With a subsurface water distribution system, depending on the adequacy of the water 
supply through upward water movement to the rootzone, ETcrop should be little affected except for 


the early stage of growth of some crops when frequent irrigation is required. 
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3.4 CULTURAL PRACTICES 


Fertilizers 


The use of fertilizers has only a slight effect on ETcrop, unless crop growth was pre- 
viously adversely affected by low soil nutrition delaying full crop cover. Irrigation imposes a 
greater demand on fertilizer nutrients; adequately fertilized soils produce much higher yields per 
unit of irrigation water than do poor soils, provided the fertilizer is at the level in the soil profile 
where soil water is extracted by the plant. The movement of soluble nutrients and their availability 


to the crop is highly dependent on method and frequency of irrigation. 


Plant Population 


The effect of plant population or plant density on ETcrop is similar to that of percentage 
of ground cover. When top soils are kept relatively dry, evaporation from the soil surface is 
sharply reduced and ETcrop will be less for low population crops than for high population crops. 
During the early stages of the crop a high population planting would normally require somewhat more 
water than low density planting due to quicker development of full ground cover. In irrigated agric- 


ulture plant population has been considered of little importance in terms of total water needs. 


Tillage 


Tillage produces little if any effect on ETcrop unless a significant quantity of weed is 
eliminated. Rough tillage will accelerate evaporation from the plough layer; deep tillage may 
increase water losses when the land is fallow or when the crop cover is sparse. After the surface 
has dried, evaporation from the dry surface might be less than from an untilled soil. Other factors 
such as breaking up sealed furrow surfaces and improving infiltration may decide in favour of tillage. 


With soil ripping between crop rows the crop could be slightly set back due to root pruning. 


Mulching 


In irrigated agriculture the use of a mulch of crop residues to reduce ETcrop is often 
considered of little net benefit, except for specific purposes such as reducing erosion, preventing 
soil sealing and increasing infiltration. Crop residues may even be a disadvantage where soils are 
intermittently wetted; the water-absorbing organic matter remains wet much longer thus increasing 
evaporation. As a barrier to evaporation it is rather ineffective. The lower temperature of the 
covered soil and the higher reflected capacity of the organic matter are easily outweighed by evap- 
oration of the often rewetted crop residue layer. There may be additional disadvantages such as the 
increased danger of pests and diseases, slower crop development due to lower soil temperatures, 
and problematic water distribution from surface irrigation. Polyethylene and perhaps also asphalt 
mulches are effective in reducing ETcrop, when it covers more than 80 percent of the soil surface 
and crop cover is less than 50 percent of the total cultivated area. Weed control adds to the succes- 


ful use of plastic. 


CBG us 


Windbreaks 


Reduced wind velocities produced by artificial and vegetative windbreaks may reduce 
ETcrop by about 5 percent under windy, warm, dry conditions at a horizontal distance equal*to 25 
times the height of the barrier downwind from it, increasing to 10 and sometimes up to 30 percent at 
a distance of 10 times this height. ETcrop as determined by the overa’! <!:~st.c conditions ¢..d 
using the reduced wind speed data is not altered. In most cases shrubs and trees are used and, due 


to the transpiration of the vegetative windbreak, overall ET may be more. 


Anti-transpirants 


The use of anti-transpirants, natural or artificially induced variations in plant foliage 
properties and soil conditioners to reduce ETcrop continue to interest many investigators, but is 


still in the experimental stage. 
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Part IIT- APPLICATION OF CROP WATER REQUIREMENT DATA IN IDENTIFICATION, 
DESIGN AND OPERATION OF IRRIGATION PROJECTS 


A number of approaches are available for planning optimum use of water resources in 
agricultural production. For irrigation projects they are based on translating production objectives 
into adequate technical planning criteria. This comprises the collection of needed information on 
water, soils and crops, the preparation of a tentative plan and the search for the optimal plan by 
analysing modifications of the tentative plan through a staged and step by step procedure. Several 
stages of planning can be identified which can be broadly divided into the project identification and 
preliminary planning stage (11.1), the project design stage (11.2) and project implementation and 
operation stage (11.3). 


Discussions are centred here around the development of basic data on crop water require- 
ments and irrigation supply. In terms of irrigation supply, each planning stage requires a certain 


type of data; those normally used are given in Table 33. 


Table 33 Project Planning Stages and Irrigation Supply Data 


Planning Stage Data Application Data Required 


Production objectives 
Project identification inventory of resources average monthly supply 


present hydrological budget and monthly peak supply 
water resources potential 

identification of irrigable areas 

choice of production system 

preliminary project location and size 

irrigation supply requirements 

method of water delivery 

preliminary size and cost of main works 

engineering alternatives - technical, 

managerial and financial 


project size supply. schedules (size, 
layout of distribution system duration and interval of 
hydraulic criteria supplies) 
cropping pattern 
supply scheduling 
method of water delivery 
irrigation methods and practices 
capacity of engineering works 
phasing of project works 
optimization of water use 


review supply schedules supply schedules on 
evaluate water use efficiency daily basis, daily field 
evaluate technical and managerial water budgets 
supply control 
monitor field water balance 
improve and adjust system operation 
establish data collection routines on 
water, climate, soil, crop 
prepare supply schedules on daily basis 
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Lt PROJECT IDENTIFICATION AND PRELIMINARY PLANNING 


1.1 INTRODUCTION 


At the project identification and preliminary planning stage a comprehensive inventory of 
available resources is made. On physical resources, this would include surface and groundwater 
potential, water quality, existing water uses and certainty of supply. For promising areas, soil 
surveys (scale 1:10 000) are undertaken to delineate the extent and distribution of soil types, 
together with their chemical and physical characteristics particularly water-related properties 
such as soil depth, water holding capacity, infiltration rate, permeability and drainage, erosion and 
salinity hazards. Evaluation of climate would include temperature, humidity, wind, sunshine 
duration or radiation, evaporation, rainfall, occurrence of night frost, and others, on which crop 
selection and crop water needs will be based. Criteria on production potential under irrigation must 
justify development not only from an agronomic, technical and economic, but also from a sociological 
point of view. Knowledge of present farming systems, including among others farm equipment use, 
social amenities, credit facilities and farming incentives, will therefore be required in selecting a 
development plan. Infrastructure and human resources must be evaluated including communications, 


markets, population, labour and employment. 


Based on the knowledge of available resources, the choice of the production system under 


irrigation must be made. Important parameters are: 


Crop selection: Here, in addition to water available, climate and soils, the preference of the 
farmer, labour requirements and markets among others must be considered. These are often site- 
specific such as limited water available restricting high water-consuming crops, unsuitable soils for 
some crops, limited labour for highly-intensified production and processing, and areawide 
marketing constraints. The cropping pattern may need to be adjusted to the available water supply 


over time. 


Cropping intensity: At the field level, frequently cropping intensity does not correspond to that of 
the project as a whole. Cropping intensity may also vary with time. Early assumptions must be 
made since this largely governs the acreage that can be irrigated from the available water and the 


design and operation of the distribution network. This also greatly affects the level of investment. 


Water supply level: An acceptable level of supply, or irrigation norm, must be selected based on a 
certain probability that water needs for a selected cropping pattern and cropping intensity will be 
met for each portion of the growing season. For instance, available water supply may be expressed 
as: (i) seasonal irrigation shortage not to exceed 50 percent of the needed supply in any one year 
and (ii) sum of irrigation shortages not to exceed 150 percent of the needed supply in a 25-year 
period. Of particular importance are periods when water shortages have a pronounced effect on 


yields or germination (Table 32). A detailed evaluation of water supply available and water demands 
over time is therefore required. 


Given a certain supply, in turn cropping patterns may need to be adjusted to avoid peak 
irrigation requirements at periods of high evaporative demand and peak requirements of various 
crops occurring simultaneously. This must include consideration of dormancy periods, shifting of 


sowing dates, transplantation practices, shortening of growing seasons, and others. Knowledge of 
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the crop response to water during the different growth stages will greatly assist in reducing the risk 


of possible crop failure or yield depression due to periods of limited water supply. 


Method of irrigation: Selection of the method of irrigation needs to be made at an early date by 
evaluating the required investments, water use efficiency, simplicity of use and adaptability to local 
conditions, erodability of soils, infiltration rates, water salinity and others. The advantage of one 
method over another is not so much determined by difference in irrigation supply needed or its 


efficiency but by the adequacy with which the crop requirements are met. 


’ Efficiency of the system: The efficiency of the system in terms of meeting water demands at field 
level in quantity and time is determined by both water losses by.canal seepage and the way the system 
is managed and operated. Size of the project, method of delivery (either continuous, rotation or 
demand), the physical control facilities in the system, type of management and communications all 
become important factors. Additional water losses are incurred during field distribution ’and 
application, and farm layout, land levelling and irrigation practices greatly affect water use 
efficiency at field level. 


Drainage and leaching: Drainage is essential for successful irrigation; without proper drainage 
rapidly rising groundwater levels and soil salinization can result. To avoid salt accumulation in the 
root zone and related crop damage, the leaching requirement must be determined. Leaching during 
off-peak water use periods or non-cropping periods will reduce peak water demand and design 
capacity of the distribution system. Timing and depth of leaching will depend mainly on type of crop, 


soil, climate, irrigation practices and irrigation water quality. 


In formulating the project, a thorough study of the engineering alternatives is required in 
order that the most appropriate technical, managerial and economical solution is achieved. 
Alternative preliminary layouts of the scheme are generally prepared, including size and shape of 
commanded areas, water level and flow control, and location and size of required engineering works. 
Land ownership, natural boundaries, land slope and land preparation including land levelling must be 
reviewed in relation to this scheme layout. Feasibility of land consolidation, where needed, should 


be considered from the legal, technical, economic and particularly sociological point of view. 


Accurate evaluation of future project operation and water scheduling cannot be made unless 
pilot projects are operational at or before the planning stage. No scheme functions perfectly the day 
it becomes operational. Allowance should be made in the planning and design to account for changes 
in cropping pattern and intensity, at the same time avoiding any excesses. Refinements of irrigation 
scheduling to match crop irrigation needs should be made after the project has been in operation 
for some years. The type of data normally used at the project identification and preliminary planning 


stage is average monthly supply and monthly peak supply. 


1.2 SEASONAL AND PEAK PROJECT SUPPLY REQUIREMENTS 


The calculation of seasonal and peak project supply required for a given cropping pattern 
and intensity includes the net irrigation requirements and other water needs including leaching of 
salts and efficiency of the distribution system. These are calculated on a monthly basis. Using 
average supply (m3 /ha/month), the total project acreage can then be determined from the available 


+“ ater resources. 
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The water requirements of each crop are calculated on the basis of meeting the evapotrans- 
piration rate (ETcrop) of a disease-free crop, growing in large fields under optimal soil conditions 
including sufficient water and fertility and achieving full production potential under the given growing 
environment. This depends mainly on climate, growing season, crop development, and agricultural 


and irrigation practices. 


The net irrigation requirements of the crops (In) are calculated using the field water balance. 
The variables include crop evapotranspiration (ET crop), rainfall (Pe), groundwater contribution (Ge) 


and stored soil water at the beginning of each period (Wb), or: 


In = ETcrop - (Pe + Ge + Wb) 


losses - gains 


All variables are expressed in units of depth of water (mm) and, depending on accuracy required, In 
can be determined for seasonal, monthly or 10-day periods. For preliminary planning monthly data 
are frequently used. The sum of In for the different crops over the entire irrigated area forms the 


basis for determining the necessary supply. 


To determine the irrigation requirements, in addition to meeting the net irrigation require- 
ments, water may be required for leaching of accumulated salts from the root zone and for cultural 
practices. In the calculations of irrigation requirements, water for leaching shculd be included. 
The leaching requirement (LR) is the portion of the irrigation water applied that must drain through 
the active root zone to remove accumulated salts. Since irrigation is never 100 percent efficient, 
allowance must be made for losses during conveyance and application of water. Project efficiency 


(Ep) is expressed in fraction of the net irrigation requirements (In). 


The project irrigation supply requirements (V) can be obtained from: . 


_ 10 A.In 3 
Vi = Ep 4 r : Fal m* /month 


where: Ep = project irrigation efficiency,fraction (1.1.2.3) 
A = acreage under a given crop, ha 
In = net water requirements of given crop, mm/month (Il, 1.2.1) 
LR = leaching requirements, fraction (II, 1.2.2) 


The factor 10 appears due to conversion of In in mm/month 
to V in m3/month. 


For preliminary planning, the capacity of the engineering works can be obtained from the 


supply needed during the month of peak water use (Vmax). Normally a flexibility and safety factor is 
included. 


The discussion here is centred on a step by step calculation procedure requiring a number of 


assumptions. The sensitivity of the assumptions made should, however, be tested for alternative 
project plans. 


es ee 


CALCULATION PROCEDURES 


1.2.1 Crop Water Requirements (ETcrop): see Part 1 


Collect available climatic data and select ETo prediction method. 

Calculate reference crop evapotranspiration (ETo) in mm/day for each month (I. 1). 

For each crop, determine growing season, duration of crop development stages and 
select crop coefficient (kc) (1.2). 

Calculate for each month (or part thereof) the crop evapotranspiration: 

ETcrop = kc.ETo in mm/day. 

Consider factors affecting ETcrop (extreme values, advection, project size, agricultural 
and irrigation practices). Correct ETcrop for peak water use month. 


1.2.2 Net Irrigation Requirements (In) 


Rainfall (Pe): analyse rainfall records and prepare rainfall probabilities; consider 
effectiveness of rain; select level of dependable rainfall, mm/month. 

Groundwater (Ge): estimate groundwater contribution to the crop water needs, mm/month. 
Stored soil water (Wb): from water balance or pre-season rainfall or snow determine 
contribution of Wb to the crop water needs, mm/month. 


1.2.3 Irrigation Requirements 


Leaching requirements (LR): evaluate quality of irrigation water and drainage conditions 
of area; select salinity tolerance level for each crop and determine LR; obtain leaching 
efficiency (Le) from field experiments. 

' Irrigation efficiency (E): select conveyance efficiency (Ec), field canal efficiency (Eb) 
and application efficiency (Ea) considering technical and managerial control, delivery and 
application methods. 


1.2.4 Summarize calculation to find irrigation supply requirements (Vi and Vmax). 


1.2.1 Crop Water Requirements (ETcrop) 


The water requirements are based on ETcrop, for which the calculation procedures given in 
Part I can be followed. The water requirements as determined permit optimum production under the 
given growing environment. Unless included as a specific project objective, no allowance is usually 
made to reduce crop water requirements, even when water use/yield relationships are available for 


the area. 


EXAMPLE: 
Given: 
Semi-arid, hot and moderate windy climate; climatic data collected 
outside irrigated area. Cotton, sown early March, harvested end 
August. Size of project 150 ha; cropping intensity 100%; surrounds 
are dry, fallow land. 

Calculation: 


M S O N _D 
ETo mm 4 3.3 4. -O 8.1 8.6 7. 7 2.1 
ke cotton 0.3 0.6 1.0 12 1.5 0.6 
advection correction 0.9 0.9 0.9 
eak month correction 1.1 1.1 
ET cotton mm /day 1.5 3.6 8.1 9.5 9.0 4.0 
ETcotton mm/month 45 110 225 285 280 120 


190s 


Once the cropping pattern and intensity have been selected, water requirements for the 
different months are computed similarly for fields under different crops. They are computed for 


each crop and can then be weighted and totalled for each month. 


EXAMPLE: 

Given: 

Semi-arid, hot and moderate windy climate. Project size 150 ha; cropping 
intensity 200%. Cropping pattern: maize (90 ha) from May through September 
followed by berseem (90 ha) from October piled February; cotton (60 ha) 
from March through August followed by wheat (60 ha) from November through 


. March. 
Calculation: : 
maize 90 ha 
erect Cee 
a ce cotton 60 ha 
XXXXXXXXXXXXXXXXXXXXXXXXXX 
wheat 60 ha 


J F M A M Jj J A Ss ON D T 
ETmaize 85 140 275 225 115 840 


ETberseem 80 95 65 90 70 400 
ETcotton 45 110 225 285 280 120 1065 
ETwheat 80__100 QO 60 

ETcrop Oo 100 55 45 140 200 280 185 70 40 70 70 1325 


mm/month weighted for acreage, or 90/150.ETmaize + 90/150. ETberseem 
+ 60/150.ETcotton + 60/150. ETwheat, rounded of to nearest 5mm 


1.2.2 Net Irrigation Requirements (in) 


Part of the crop water requirements is met by rainfall (Pe), groundwater (Ge) and stored 


soil water (Wb); or In = ETcrop - Pe - Ge - Wb, and is determined on a monthly basis. 


Gi) Effective rainfall (Pe) 
Dependable rainfall: 


Crop water needs can be fully or partly met by rainfall. Rainfall for each period will vary 
from year to year and therefore, rather than using mean rainfall data (saying roughly one year is 
drier, the next is wetter), a dependable level of rainfall should be selected (saying the depth of 
rainfall that can be expected 3 out of 4 years or 4 out of 5 years). Also the degree of shortage 
below the dependable level during the dry years should be given, since loss in crop yields during 
the dry years may significantly affect the project's economic viability. A higher level of dependable 
rainfall (say 9 out of 10 years) may need to be selected during the period that crops are germinating 
or are most sensitive to water stress and yields are severely affected. Methods of computing rain- 
fall probability are given below, using yearly data. Monthly data are normally used for preliminary 
planning purposes. 


For large schemes, where mountains or other features influence rainfall or the occurrence 
of storms, the distribution of rainfall over area must be evaluated. Methods are described in text- 
books on hydrology(see Footnote 1/on next page). 


aca 


EXAMPLE: 

A simple method is by grouping the rainfall data; a rough indication of rainfall 
probability is obtained by the number of times the yearly amount falls within a 
group divided by the number of years of record. 


Year 1956 60 61 62 63 64 65 66 67 68 69 70 71 
mm/month 75 85 50 65 45 30 20 65 35 45 25 75 40 55 
Highest value is 85 and lowest 20 mm. Using a 10 mm grouping: 

O- 9/0 50 - 59} 2x 

10-19] 0 60 - 69} 3x Rainfall will equal or exceed 40 mm for 3 out 
20 - 29 |} 2x 70-79} 2x of 4 years (or 12/16). . 

30 - 39 | 2x 80 - 89 | 2x 
40 - 49 | 3x 90'- 99 1_0 

16 


An improved estimate can be obtained computing and plotting rainfall probabilities. 
The steps involved are: 


- tabulate rainfall totals for given period (line 2) 

- arrange data in descending magnitude and give rank number m (lines 3 and 4) 

- tabulate plotting position (Fa) using 100m/(N + 1). Nis total data number, 
m is rank number with m = 1 for the highest value (line 5) 

- prepare vertical scale and plot rainfall according to Fa position on log- 
normal probability paper (Fig. 17) 


Line 

1 Year 1956 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 

2 iven month 85 50 65 45 30 20 65 35 80 45 25 60 75 40 55 

3 sequence © 5 80 75 75 65 65 55 50 45 45 40 35 30 25 20 

4 number m 123 4 5 6 7 8 9 10 11 12 13 14 15 16 

5 pletins poeuoe 6 12 18 24 29 35 41 47 53 59 65 71 76 82 88 94 
Fa ; 


From Fig. 17: dependable rainfall 3 out of 4 years, or 75% probability, for 
given month is 36 mm; 4 out of 5 years, or 80% probability, 32 mm etc. 


A skewed frequency distribution, where points on the probability paper do not 

fall in a reasonable alignment, may mean either too few data are available, data 

are affected by some physical occurrence causing consistent bias, or, more 

often, rainfall is not normally distributed to allow simple statistical analysis. 

The last can be partly overcome by: 

- plotting on probability paper the square root or logarithm of the same 
rainfall data; or i 

- for periods with little or no rainfall, use Ga =. p+ (1 - p). Fa, where Ga is 
probability of occurrence and p is the portion in which no rainfall occurred. 
Sample: if no rainfall is recorded in 6 out of 30 years in the period 
considered then p= 0.20. Then Fa is determined on a 24-year basis 
following the step method given above. 


Drought duration frequency: 

The lowest values of total rainfall for a given number of consecutive days, say 
15, 30 and 40 days, are selected. The drought duration frequency is obtained 

by plotting values for each selected period of consecutive days according to the 
given method. 1/ 

For additional details see references.~ 


1/ Ven Te Chow, Handbook of Applied Hydrology. McGraw-Hill, 1964. 
Linsley, Kohler and Paulus, Hydrology for Engineers. McGraw-Hill, 1958. 
WHO, Guide to Hydrometeorological Practices, 1965. 
USDA (SCS), Engineering Handbook Hydrology, Section 4, suppl.A., 1957. 
Ramirez, L.E., Development of a procedure for determining spacial and time variations 
of precipitation in Venezuela, PRWG 69-3. Utah, 1971. 
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Fig. 17 Example of rainfall-probability calculation 


Effective rainfall: 


_ Not all rainfall is effective and part may be lost by surface runoff, deep percolation or 
evaporation. Only a portion of heavy and high intensity rains can enter and be stored in the root 
zone and the effectiveness is consequently low. Frequent light rains intercepted by plant foliage 
with full ground cover are close to 100 percent effective. With a dry soil surface and little or no 
vegetative cover, rainfall up to 8 mm/day may all be lost by evaporation; rains of 25 to 30 mm may 
be only 60 percent effective with a low percentage of vegetative cover. 


Effective rainfall can be estimated by the evapotranspiration/precipitation ratio method, 
Table 34 (USDA, 1969). The relationship between average monthly effective rainfall and mean 
monthly rainfall is shown for different values of average monthly ETcrop. At the time of irrigation 
the net depth of irrigation water that can be stored effectively over the root zone is assumed equal 
to 75 mm; correction factors are presented for different depths that can be effectively stored. Data 
in Table 34 do not account for infiltration rate of the soil and rainfall intensity; where infiltration is 
low and rainfall intensities are high, considerable water may be lost by runoff which :s not accounted 
for in this method .2/ 
a 8 a es st 


i/ A more detailed prediction of effective rainfall is available in FAO Irrigation and Drainage Paper 
No. 25, Effective Rainfall. N.G. Dastane, 1975. 


Table 34 Average Monthly Effective Rainfall as Related to Average Monthly 


, ETcrop and Mean Monthly Rainfall 
(USDA (SCS), 1969) 


Monthl P eh , 
ei ia ee 12.5 25 37.5 50 62.5 75 87.5 100 112.5 125 137.5 150 162.5 175 187.5 200 
as 


Average monthly effective rainfall in mm 


8 
monthly 50 8 17 25 32 39 46 
ETcrop 75 9 18 27 34 41 48 56 62 69 
mm 100 9 19 28 35 -43 -52 59 +66 “73 <80 87 94 100 
125. 10, 20 30 37 46 54 62 70 76 85° 92 98 107 116 120 
150 10 21 31 39 49 57 66 74* 81 89 97 104 112 119 127 1233 
Boe a oy = re S 2 . rh a 95 103 111 118 126 134 141 
7 2 91 100 109 117 12 1 142 1 

225 12 25 35 47 57 68 96 3 “iis 29 
250, 13 25 338 — 50 6172 102 
XX Where net depth of water that can be stored in the soil at time of irrigation is greater or 

smaller than 75 mm, the correction factor to be used is: 


ERS storage 20 25 37.5 50 62.5 75 100 125 150 175. 200 | 


torage factor .73  .77 86 «93 .97 1.00 1.02 1.04 1.06 _1.07* 1.08 
EXAMPLE: 
Given: 
Monthly mean rainfall = 100 mm; | ETcrop = 150mm; effective storage = 175mm 
Calculation: 
Correction factor for effective storage = 1.07 
Effective rainfall 1.07 x 74 = 79mm 
De 
The contributicn of dew to crop water requirements is usually very small, consisting of 
condensatit:. ~ cooler surfaces, the re-condensation on leaves of water evaporated from the soil, 


and trapping cf f.-, or cloud droplets by ~egetation. ior :vrigated crops much of the moisture 
condensed on crups Ly early me nin comes from ‘i. water evaporated from the soil. Measured 
data from India and Israel show emir ansured dew accumulation below 30 mm, with a monthly 
maximum of 3 to 7mm; California monthly iaximum is only 0.5mm. Data from Australia show that 
about 3 percent of monthly ETcrop is met by dew during summer. Inarid and semi-arid regions dew 
deposition is often too small to make any contribution. On high mountain ranges (Canary Islands) 
crop water requirements can be fully met by the interception of fog, but this is very rare. There 
has been a strong tendency to over-estimate dew accumulation; impossible amounts have been 


claimed as researchers overlook absolute physical limitations involved in the process. 


Snows: 


Snow on the soil surface contains approximately 1 cm of water per 10 cm snow. The contri- 
bution of melting snow towards meeting future crop water requirements should be seen as a contri- 


bution to the soil-water reservoir similar to winter rains. 


(ii) Groundwater contribution (Ge) 


The contribution from the groundwater table is determined by its depth below the root zone, 
the capillary properties of the soil and the soil water content in the root zone. For heavy soils, 
distance of movement is high and the rate low; for coarse textured soils the distance of movement 
is small and the rate high. Very detailed experiments will be required to determine the groundwater 


contribution under field conditions. In Figure 18 examples cf groundwater contribution are given 
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in mm/day for different depths of groundwater below the root zone and various soil types assuming 


the root zone is relatively moist. 
0 


EXAMPLE: 

Given: : 

Sandy loam soil; groundwater depth below 
root zone in December and January is 80 cm. 
Calculation: 

Using Fig. 18 a first estimate of groundwater 
contribution to ETcrop is some 1.5 mm/day. 
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ald ae ee Fig. 18 Contribution of groundwater to moist 
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ii) Stored soil water (Wb) 


Winter rains, melting snow or flooding may cause the soil profile to be near or at field 
capacity at the start of the growing season, which may be equivalent to one full irrigation. “ Also 
some water may be left from the previous irrigation season. It can be deducted when determining 
seasonal irrigation requirements. Excess winter rain will leach salts accumulated in the root zone 


in the summer season and as such can be assumed effective. 


Water stored in the root zone is not 100 percent effective. Evaporation from the wet soil 
surface is equal to open-water evaporation, but this rate decreases as the soil dries. Evaporation 
losses may remain fairly high due to the movement of soil water by capillary action towards the soil 
surface. Water is lost from the root zone by deep percolation where groundwater tables are deep. 
Deep percolation can still persist after attaining field capacity. Depending on weather, type of soil 
and time span considered, effectiveness of stored soil water may be as high as 90 percent or as low 
as 40 percent. 


1.2.3 Irrigation Requirements 


Other than for meeting the net irrigation requirements (In), water is needed for leaching 
accumulated salts from the root zone and to compensate for water losses during conveyance and 
application. This should be accounted for in the irrigation requirements. Leaching requirements 


(LR) and irrigation efficiency (E) are included as a fraction of the net irrigation requirements. 


Water needed for land preparation may need to be considered in the case of rice. At the 
planning stage normally no allowance is made for such needs for other crops; this applies similarly 
to water needs for cultural practices and aid to germination and quality control of the harvested 
yield. They are usually covered by adjusting irrigation schedules. 


Le 


(i) Leaching requirements (LR) 


Soil salinity is mainly affected by water quality, irrigation methods and practices, soil 
conditions and rainfall. Salinity levels in the soil generally increase as the growing season advances. 
Leaching can be practised during, before or after the crop season depending on available water 
supply, but provided that salt accumulation in the soil does not exceed the crop tolerance level. 

Table 35.can be used to evaluate the effect of the quality of the irrigation water on soil salinity, 
permeability and toxicity.2/ 


The crop tolerance levels given in Table 36 can be used to determine the leaching requirements 
for a given quality of irrigation water.—' Crop tolerance levels are given as electrical conductivity of 
the soil saturation extract (ECe) in mmhos/cm. With poor quality water, frequent irrigation and 
excessive leaching water may be required to obtain acceptable yields. In Table 36 values of quality 
of irrigation water are also given which relate to commonly experienced yield levels. Irrigation water 


quality (ECw) is expressed as electrical conductivity in mmhos/cm. 


Table 35 Effect of Irrigation Water Quality on Soil Salinity, Permeability 
and Toxicity 


none moderate severe 
Salinity 
ECw (mmhos/cm) < 0.75 0.75 - 3.0 > 3.0 
Permeability 
ECw Gnmhos/cm) > 0.5 0.5 -0.2 < 0.2 
adj. SAR , 
Montmorillonite \ 6 6 - 9 Ss 9 
Illite < 8 8 - 16 S16 
Kaolinite < 16 16 - 24 24 
Toxicity (most tree crops) 
sodium (adj. SAR) ¥ € 3. 3 - 9 »9 
chloride (meq/1)% 1/ CZ Ze lO >10 
boron (mg/1) | < 0.75 0.75 - 2 >2 


*% For most field crops use Table 36. 
l/ Sprinkler irrigation may cause leaf burn when > 3 meq/l. (Ayers and Westcot, 1976) 


Leaching requirement (LR) is the minimum amount of irrigation water supplied that must be 
drained through the root zone to control soil salinity at the given specific level. For sandy loam to 


clay loam soils with good drainage and where rainfall is low the leaching requirement can be 


obtained from: 
for surface irrigation methods (including sprinklers) LR = SEC Eee 


for drip and high frequency sprinkler (near daily) LR = mete 


where: ECw = electrical conductivity of the irrigation water, mmhos/cm 
ECe = electrical conductivity of the soil saturation extract fora 
given crop appropriate to the tolerable degree of yield, 
reduction (Table 36) 
MaxECe = maximum tolerable electrical conductivity of the soil 


saturation extract for a given crop (Table 36) 


1/ Ayers, R.S. and Westcot, D.W. Water quality for agriculture. lrrigation and Drainage 
Paper No. 29. FAO Rome, Italy. 1976. 
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When the leaching efficiency (Le) is 100 percent the water needed to satisfy both ETcrop and 
LR is equal to (ETcrop - Pe)/(1 - LR). The leaching efficiency (Le) has been shown to vary with the 
soil type, and particularly with the internal drainage properties of the soil and the field. Since Le 
can be as low as 30 percent for cracking and swelling heavy clays and go to 100 percent for sandy 
soils, it must be measured at a most early date for the area under investigation. 


EXAMPLE: 

Given: 

Cotton; ETcrop = 1065 mm/season; effective rainfall during growing 
season = 160mm. From water analyses ECw = 7 mmhos/cm. Irrigation 


by a surface method. Soil is slightly layered, medium textured with 
measured Le = 0.7. 


Calculation: 
Peery ey - eae 
ER 5x7.7-7 ~*~ 0.7 7 0.32 100% yield 


1 ae 
LR = =x x O7 = 0.24 90% yield. 


: 7 oe ee oe 

LR = Sx 13027 © -0,0 0.17 75% yield 
To meet seasonal ETcrop and LR depth of water required is respectively 
(1065 - 160)/(1 - LR) = 1330, 1190 and 1090 mm/season. Level of 
leaching requirement to be adopted must be based on available water at 
headworks, yields required and economic criteria. Timing of leachings 
must also be determined by available water supply at peak water demand 
periods. 


The prediction of annual leaching requirements does not fully account for effect of type of 
salts, restrictive drainage conditions and excess rainfall. It does not cover waste water, trace 
metals and pesticides. Also, field water management practices when using saline water will affect 


yields. For detailed evaluation, references given should be consulted” 


(ii) Irrigation efficiency (E) 


To account for losses of water incurred during conveyance and application to the field, an 
efficiency factor should be included when calculating the project irrigation requirements. Project 
efficiency is normally subdivided into three stages, each of which is affected by a different set of 
conditions: , 

Conveyance efficiency (Ec): ratio between water received at inlet to a block of 

fields and that released at the project headworks. 


Field canal efficiency (Eb): ratio between water received at the field inlet and 
that received at the inlet of the block of fields. 


Field application efficiency (Ea): ratio between water directly available to 


the crop and that received at the field inlet. 


Project efficiency (Ep): ratio between water made directly available to the crop 
and that released at headworks, or Ep = Ea.Eb.Ec. 


1/ Ayers, R.S. and Westcot, D.W. Water quality for agriculture. Irrigation and Drainage Paper 
Faper No. 29. FAO Rome, Italy. 1976. 
FAO/Unesco. Irrigation, Drainage and Salinity. An Intern. Source Book. Unesco, Paris. 1973. 
Salinity Lab. Handbook No. 60. Diagnosis and Improvement of Saline and Alkali Soils. USDA,19%4. 
FAO, Irrigation and Drainage Paper No. 7. Salinity seminar Baghdad. FAO Rome, Italy. 1972. 
Unesco. Final report on the Gruesi Project, Tunisia. 1971. 
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Conveyance and field canal efficiency are sometimes combined as distribution efficiency (Ed), 


where Ed = Ec.Eb; field canal and application efficiency are sometimes combined as farm efficiency 


where Ef = Eb.Ea. 


Factors affecting conveyance efficiency (Ec) are, amongst others, size of the irrigated 
acreage, size of rotational unit, number and types of crops requiring adjustments in the supply, 
canal lining and the technical and managerial facilities of water control. The field canal efficiency 
(Eb) is affected primarily by the method and control of operation, the type of soils in respect of 
seepage losses, length of field canals, size of the irrigation block and the fields. As can be expected, 
the distribution efficiency (Ed) has been shown to be particularly sensitive to quality of technical as 
well as organizational operation procedures (Ed = Ec.Eb). Farm efficiency (Ef) is much dictated 
by the operation of the main supply system in meeting the actual field supply requirements as well as 


by the irrigation skill of the farmers. 


Table 37 Conveyance (Ec), Field Canal (Eb), Distribution (Ed) and Field Application 
Efficiency (Ea 


ICID/ILRI 


Conveyance Efficiency (Ec 
Continuous supply with no substantial change in flow 0.9 
Rotational supply in projects of 3 000 - 7 000 ha and 

rotation areas of 70 - 300 ha, with effective management 0.8 


Rotational cae in large schemes (> 10 000 ha) and small 
schemes (¢ 1 000 ha) with respective problematic 
communication and less effective management: 


based on predetermined schedule 0.7 
based on advance request 0.65 
Field Canal Efficiency (Eb) , 
Blocks larger than 20 ha: unlined 0.8 
lined or piped 0.9 
Blocks up to 20 ha: unlined 0.7 
lined or piped 0.8 


Distribution Efficiency (Ed = Ec. Eb 
Average for rotational supply with management and 
communication adequate 0.65 
sufficient 0.55 
0.40 
6) 


insufficient 
poor 


Field Application Efficiency (Ea) USDA US(CSCS) 


Surface methods 
light soils 0.55 
medium soils 0.70 
heavy soils 0.60 
graded border 
basin and level border 
contour ditch 
furrow 
corrugation 
Subsurface 
Sprinkler, hot dry climate 
, moderate climate 


humid and cool 
Rice 


i 
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Water losses can be high during field application. Low application efficiency (Ea) will occur 
when rate of water applied exceeds the infiltration rate and excess is lost by runoff; when depth of 
water applied exceeds the storage capacity of the root zone excess is lost by deep drainage. With 
surface irrigation, field layour and land grading is most essential; uneven distribution of water will 
cause drainage losses in one part and possibly under-irrigation in the other part of the field resulting 
in very low efficiency. Ea may vary during the growing season with highest efficiencies during peak 
water use periods. 


In the planning stage, efficiency values for the various stages of water distribution and 
application are estimated on the basis of experience. When estimated too high water deficiencies 
will occur and either selective irrigation and/or improvement in operational and technical control 
(lining, additional structures, etc.) will be required, When estimated too low the irrigation area is 
reduced, and the system is therefore over-designed and probably wasteful irrigation is practised. 
However, the former is commonly the case. Some indicative data are given in Table 37 which are 
applicable to well designed schemes in operation for some years and based mainly on a recent 
comprehensive ICID/1LR1 survey and USDA and US(SCS) souneesee 


EXAMPLE: 

Given: 

150 ha scheme, irrigation blocks of 10 ha with unlined canals, furrow 
irrigation, adequate management. 

Calculation: — 

Ep = Edx Ea = 0.65 x 0.65 = 0.4 


1.2.4 Summary of Calculation of Seasonal and Peak Project Supply Requirements (V) 


Once cropping pattern and intensity have been selected, irrigation requirements and water 
needs for leaching have been calculated and efficiency of the system estimated, the monthly, seasonal 


and yearly supply requirements for a given project acreage can be determined by: 


10 5 [ACET crop - Pe - Ge - we | Bets 
Yo= rae TR om / period 


Ep i 
EXAMPLE: 
Given: From previous examples: 
crop acreage A ETcrop Pe Ge Wb LR Ep 
ha mm/year mm mm =mm_ fraction fraction 
maize 90 820 20 7 = 0.44 0.4 
berseem 90 400 150 8690 - 0.22 0.4 
cotton 60 1065 160 7 . 0.24 0.4 
wheat 60 375 240 9 - 0.25 0.4 
Project acreage 15C ha; cropping intensity 200%. 
Calculation: - , ; ioe nee 
_ Off 840 - 20 oO - 150 - 90 ] [ 5 - ] 
bay 7 wo 20 x 90] «| Toon eon, PO] 
. [375 - 240 - 90 | = 6 3 
[ 1.0.25 x 60 -410° m”/year 


Similarly the monthly supply requirements can be determined. 


1/ Bos M.G. and Nugferen J. On lrrigation Efficiencies. Publication 19. International Institute 
for Land Reclamation and Improvement, 89p. 1974. 
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For a first estimate on capacity of engineering works, the peak supply (Vmax) can be based 
on project supply of the month of highest irrigation demands (In peak). Leaching is normally practised 


outside this month, but when saline water is used, this may need to be considered in the peak supply. 
10 
Vmax = C Ep S(A.In peak) 


To incorporate flexibility in the delivery capacity of the supply system as well as to allow for 
future intensification and diversification of crop production, a flexibility factor (C) is frequently added. 
This factor varies with the type of project and is generally higher for small schemes as compared to 
large schemes. For projects based on supplemental irrigation this factor is high. With monocultures 
such as rice, orchards and permanent pastures the factor is small. The C factor should not be. 
confused with the design factore’ which indicates rotation of supply within the scheme. For the design 


of structures, in addition a safety factor which depends on the type and size is normally added. 


EXAMPLE: 

Given: 

Data from previous example. Peak irrigation month is July, with 
ETcotton = 280 and ETmaize.-= 275 mm/month. For 150 ha scheme 
with project efficiency 0.4, flexibility factor selected is 1.2 
Calculation: 


Vmax = 1.2 g/9-[ 280 x 60 + 275 x 90] - 1.25 10° m3/peak month 


or some 480 1/sec with flexibility factor 
or some. 400 1/sec without flexibility factor 


ae 


2, PROJECT DESIGN 


2.) INTRODUCTION 


Based on a comprehensive resources ‘nventory and following the selection of the production 
system, the procedure generally followed in deriving the design data for the distribution system is 
first to prepare a preliminary layout of the scheme and to determine the area distribution of crops to 
be grown and the cropping intensity. This will also include size and shape of commanded areas, 
water leve! and flow control and provisions to be made such as location and size of main canals and 
number, type and capacity of structures needed. Preliminary estimates on design capacity can be 
based on irrigation supply requirements during the months of peak water use. The classic method of 
deriving supply over area and time for projects greater than 2 000 ha is to consider each area served 
by the main canals. For a given cropping pattern and intensity, the irrigation requirements (mm/ 
month/ha) can be determined and from this the average supply of the area served (V in m®?/day). A 
fixed supply is thus assumed to the area served by each main canal; the water supply is then rotated 
among the different fields composing the area served. The graphical presentation, where supply is 
plotted against each area served by the lateral canals and totalled for the main canal, is called the 
supply or capacity line. Sometimes empirically-derived capacity lines are available but their use 


for projects other than that for which they were developed is often not justified. 


A detailed layout of the system is prepared next, considering field size, field layout, topo- 
graphy, land slope, natural boundaries, land ownership, and land preparation including need for land 
grading. The operation criteria of the system are based on the field irrigation supply schedules, 

i.e. size, duration and interval of supply, and method of supply (continuous, rotation or demand). 
Supply schedules are determined for individual fields and subsequently for field blocks, the area 
served by laterals and main canals. Because of differences in crops and areas served the supply 

may become irregular over the total project area; peak supply for parts of the project area can occur 
at different times. The supply schedules thus determined can show large and frequent differences with 
the supply requirements using weighted monthly supply data (1I.1.2.4). Based on the supply schedules, 
canal capacities and need for regulating and check structures can then be determined together with the 


organizational framework for operating and maintaining the system. 


In future, changes can be expected in supply requirements due, for instance, to crop inten- 
sification and diversification. An extra allowance can be made in the scheduling criteria. However, 
at the planning stage normally conservative estimates are applied on irrigation efficiencies, since it 
may take many years to operate the project in an efficient manner. Any increase in the supply 
requirements may then be met by the savings in water due to the improvements in project operation 


and field irrigation practices. 


2.2 FIELD AND PROJECT SUPPLY SCHEDULES 


To derive the data for design and operation of the irrigation distribution system, a detailed 
evaluation is made of the supply schedules. This should preferably start at the lowest irrigation unit, 
and subsequently include the block of fieids, area served by lateral canals and project areas served 


by main canals. 
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The supply requirements at the field level are determined by the depth and interval of 
irrigation. These data can be obtained from the soil water balance andare primarily determined by 
(i) the total available soil water (Sa = Sfc - Sw where Sfc and Sw are the soil water content in 
mm/m soil depth at field capacity and wilting point respectively); (ii) the fraction of available soil 
water permitting unrestricted evapotranspiration and/or optimal crop growth; and (iii) the rooting 
depth (D). The depth of irrigation application (d) including application losses is: 


a (p.Sa).D 
d Ea mm. 


and frequency of irrigation expressed as irrigation interval of the individual field (i) is: 


. , .Sa).D 
ET crop days 


where: p = fraction of available soil water permitting unrestricted 
evapotranspiration, fraction 
Sa = total available soil water, mm/m soil depth 
D rooting depth, m 
Ea application efficiency, fraction 


Since p, D and ETcrop will vary over the growing season, the depth in mm and interval of 
irrigation in days will vary. 


For design and operation of the water distribution system, the supply requirements of the 
individual fields will need to be expressed in flow rates or stream size (q in m>/ sec) and supply 


duration (t in seconds, hours or days). The field supply (q.t)is: 


q-t = mn (p.Sa).D.A m®? 


where: q = stream size, m3/sec 
t . = supply duration, seconds 
Ea = application efficiency, fraction 
P = fraction of available soil water permitting unrestricted 


evapotranspiration, fraction 
Sa = total available soil water, mm/m soil depth 
D = rooting depth, m 
A = acreage, ha 


In determining the relative values of q and t, the soil intake rate and method of irrigation 
must be taken into account. For instance, t will be greater for heavy as compared to light soils and 
also for sprinkler and furrow irrigation as compared to basin irrigation. Furthermore, the stream 
size (q) must be handled easily by the irrigator. 


The capacity and operation of the distribution system are based on the supply requirements 
during the peak water use month. However, the function of the system is to satisfy, as far as 


possible, the momentary irrigation requirements of each crop and each area in terms of size (Q), 
duration (T) and interval of supply wml Field irrigation requirements will vary for each crop during 


the growing season and the supply must follow those changes over area and time. Analysis of the 


1/  Miniscules are used here to denote supply requirements at the field level (d, q, t, i) and 


ae letters are used to denote capacity and operation variables of the supply system (V, Q, 
? od : 
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system and selection of the method of supply (continuous, rotation or demand) should therefore start 


with an 


evaluation of the field variables. The following indicators can therefore be used: 


- supply requirement factor fi = Vi/Vmax which for a given period is the ratio between the 
average daily supply requirements (nm? /day) and the average maximum daily supply 
requirements during the peak water use period Gn? /day). 


- design factora’ = 86 400 Qmax/Vmax which is the ratio between the canal capacity or 
maximum possible discharge (n/ sec) and the maximum average daily supply requirement 
during the peak water use period (m? /day). 


~ supply duration factor ft = T/I which is the ratio between supply duration T (day) and 
the supply interval 1 (day). 


— supply factor fs = Qi/Qmax which is the ratio between actual required and maximum 
possible supply (n? see), 


The design and operation criteria must furthermore consider the degree to which the 


variation in supply requirements can be met, the technical facilities to regulate and convey the 


required supply, and the construction, operation and maintenance costs. Adequate control of the 


water source at headworks must be secured to permit the variation in project and field supply over 


time. 


2.2.1 


2.2.2 


2.2.3 


CALCULATION PROCEDURES 


Field Irrigation Schedules: 


Determine field water balance for each crop over the growing season on monthly or shorter 
basis without considering irrigation. ‘ 

Select for each crop the level to which the available soil water can be depleted for given 
soil and climate. 

Determine for each crop the depth and interval of irrigation application over the growing 
season. 


Field lrrigation Supply Schedules: 


Determine criteria on field size, method of irrigation and field water management practices. 
Select stream size based on method of irrigation, irrigation practices and water handling at 
the farm level. 

Determine for selected stream size the duration and interval of field supply for given crop, 
soil and climatic conditions. 


Design and eration of Supply System: 


Prepare detailed field layout and water distribution plan. 

Select for given scheme layout and production pattern the method of delivery. 

Quantify supply schedules for the different crops and acreages over the, growing season. 
Determine capacity and operation requirements of the distribution system. 
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2.2.1 Field Irrigation Schedules 


Field irrigation schedules are based on the field water balance and are expressed in depth 


(d in mm) and interval of irrigation (i in days). 


(i) Denth +f -rricatian annlication (d) 


Depth of irrigation application is the depth of water that can be stored within the root zone 
between the so-called field capacity (Sfc) and the allowable level the soil water can be depleted for a 
given crop, soil and climate. Data on type of soil and its water holding characteristics should be 
collected at site; approximate data on available soil water for different soil types are given in 
Table 38. Available soil water is expressed in mm/m soil depth. The total available amount of water 
stored in the soil (Sa) one or two days after irrigation is given by the soil water content at field 
capacity (soil water tension of 0.1 to 0.3 atmospheres) minus that at wilting point (Sw) (soil water 


tension of 15 atmospheres). 


Table 38 Relation.between Soil Water Tension in bars (atmospheres) 


and Available Soil Water in mm/m soil depth 
(after Rijtema, 1969) 


Soil water tension 0.2 0.5 2.5 15 
(atmospheres) Available soil water in mm/m 


Heavy clay 
Silty clay 
Loam 
Silt loam 
Silty clay loam 
Fine textured soils 


Sandy clay loam 

Sandy loam 

Loamy fine sand 
‘Medium textured soils 

Medium fine sand 
Coarse textured soils 


e0o0000 0000000 


Not all water in the root zone held between Sfe and Sw is readily available to the crop. The 
level of maximum soil water tension or maximum soil water depletion tolerated to maintain potential 
crop, growth varies with type of crop. The depth of water readily available to the crop is defined as 
p-Sa where Sa is the total available soil water (Sfc - Sw) and p is the fraction of the total available 
soil water which can be used by the crop without affecting its evapotranspiration and/or growth. The 
value of p depends mainly on type of crop and evaporative demand. Some crops, such as vegetables, 
potatoes, onions and strawberries, require relatively wet soils to produce acceptable yields; others 
such as cotton, wheat and safflower will tolerate higher soil water depletion levels. However, the 
tolerated depletion level varies greatly with crop development stage; for most crops a reduced level 
of depletion should be allowed during changes from vegetative to reproductive growth or during 
heading and flowering to fruit setting. Some crops do not have such water specific stages. Periods 
when crops are sensitive to soil water shortages are given in Table 32. 


The depth of soil water readily available to the crop (p. Sa) will also vary with the ievel of 


evaporative demand. When ETcrop is low () 3 mm/day), the crop can transpire at its maximum rate 


= BF < 


to a soil water depletion greater than that when ETcrop is high ( }8 mm/day). This is somewhat more 


pronounced in heavy soils as compared to coarse textured soils. 


Depth of irrigation application (d) is equal to the readily available soil water (p. Sa) over the 
root zone (D). An application efficiency factor (Ea) is always added to account for the uneven 


application over the field or: 
d = (p.Sa).D/Ea mm 


General information is given in Table 39 for different crops en rooting depth (D) on fraction of 
total available soil water allowing optimal crop growth (p) and on readily available soil water (p. Sa) 
for different soil types. Data presented in Table 39 consider ETcrop to be 5 to 6 mm/day and rooting 
depth refers to full grown crops. When ETcrop is 3 mm/day or smaller, the readily available soil 
water (p.Sa) can be increased by some 30 percent; when ETcrop is 8 or more mm/day it should be 
reduced by some 30 percent. Depth of rooting will depend on many factors and should be determined 
locally. When the project is operational, refinements will be required and local information should be 
collected; this particularly applies to the soil water depletion levels for each crop during the differ- 
ent growing stages. Reference should also be made to the comprehensive reviews available on crop 


1/ 


response to soil water deficits at different stages of crop growth. = 


EXAMPLE: 
Given: 
Cotton; medium textured soil, ET cotton is 9.5 mm/day; rooting depth 
is 1.5m; application efficiency is 0.65. 
Calculation: 

Available soil water (Sa) (Table 38) : 
Fraction of available soil water (p) (Table 39) 
Readily available soil water (p. Sa) 


You ot oon nou 
oO 
~ 


Correction for ETcrop 

Rooting depth (D) 1.5 m 
Readily available soil water (p.Sa).D 95 mm 
Depth of irrigation 95/Ea 150 mm 


(i) Irrigation application interval (i) 


Correct timing of irrigation applications is of over-riding importance. Delayed irrigations, 
particularly when the crop is sensitive to water stress, could affect yields, which cannot be compen- 
sated for by subsequent over-watering. Timing of irrigation should conform to soil water depletion 
requirements of the crop which are shown to vary considerably with evaporative demand, rooting depth 
and soil type as well as with stages of crop growth. Therefore, rather than basing irrigation interval 
on calendar or fixed schedules, considerable flexibility in time and depth of irrigation should be main- 
tained to accommodate distinct differences in crop water needs during the crop's growing cycle. These 
detailed considerations are often not covered at the design stage. General information on field sched- 


uling, however, should be available before selecting the method of canal operation and undertaking 


1/ Slatyer, R.O. Plant-water Relationships. Academic Press, 1967. 
Hagan, R.M., Haise, H.R.and Edminster T.W. Irrigation for agricultural lands. ASA No.11, 1967. 
Kozlowski, 1.T. Water Deficits and Plant Growth I, Il and III. Academic Press, 1968. 
Salter P.J. and Goode, J.E. Crop responses to water at different stages of growth... Commonwealth 
Agricultural Bureau, 1967. 
Vaadia Y.F. et_al. Plant water deficits and physiological processes. American Review of Plant 
Physiology. 12:265-292, 1961. 
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Table 39 


Generalized Data on Rooting Depth of Full Grown Crops, Fraction of Available 


Soil Water (p) and Readily Available Soil Water (p. Sa) for Different Soil Types 


in mm/m soil depth) when ETcrop is 


Rooting depth | Fraction (p) of 
(D) available 1/ 
m soil water 


Alfalfa 
Banana 2) 
Barley) 
Beans = 
Beets 
Cabbage 
Carrots 
Celery 
Citrus 
Clover 
Cacao 
Cotton 
Cucumber 
Dates 
Dec. orchards 
Flax 2 2/ 
Grains small ~2/ 

winter — 
Grapes 
Grass 
Groundnuts 
Lettuce 
Maize £ 

silage 
Melons 
Olives 
Onions 
Palm trees 
Peas 
Peppers 
Pineapple 
Potatoes 2/ 
Safflower = 
Sisal 
Sorghum 
Soybeans 
Spinach 
Strawberries 
Sugarbeet 
Sugarcane a] 
Sunflower = 
Sweet potatoes 
Tobacco early 
late 

Tomatoes 
Vegetables 
Wheat 

ripening 


[| 
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fo) 
e) 
9) 
=) 
6 
4 
5 
3 
2 
6 
6) 
7 
5 
6) 
6) 
9 
5 
6) 
5 
5 
3 
6) 
-0 
2 
3 
7 
6 
bs) 
3 
4 
6) 
5 
0 
6 
3 
2 
7 
2 
8 
6) 
5 
7 
3 
0) 


rOO OrOrODO00r OF OCOODCOCOFH 


eK Or 


U1 


Total available soil water (Sa) 


- 6 mm/da 


Readily available ap}! water (p. Sa) 


mm/mL 
medium 


i/ When ETcrop is 3 mm/day or smaller increase values by some 30%; when ETcreop is 8 mm/day 
or more reduce values by some 30%, assuming non- saline conditions (ECe < 2 mmhos/cm). 


2/ Higher values than those shown apply during ripening. 


Sources: Taylor (1965), Stuart and Hagan (1972), Salter and Goode (1967), Rijtema (1965) and others. 
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detailed field design. The irrigation interval can be obtained from: 


. _ (p.Sa).D 
1 = 
ETcrop 


The efficiency of irrigation application is not considered when determining i. 


iii) 


EXAMPLE: 

Given: 

Cotton; ETcotton is 9.5 mm/day; readily available soil water over the 
root zone during full growth corrected for ETcotton (p.Sa).D = 95 mm. 
Calculation: a 

Irrigation application interval (i) is 95/9.5 = 10 days 


Calculation of field irrigation schedules 


A first evaluation of depth (d) and interval () of irrigation application for the whole growing 


season can be made using the monthly soil water balance and soil water depletion data. The steps 


needed are shown together with a hypothetical example: 


1-5 


10 


11 
12 
13 


14 


Determine running soil water balance 
for the growing season without irrigation Exomple’ $1, 2.2.1. (ii) 
on monthly (or shorter)basis or soil water a 
available at end of each month (We) is 4360 
We = Wb+ Ge + Pe - ETcrop (mm/month) 


+ 150 
Plot We in mm at end of each month and 


draw curve (6). a? 


(s-p) Sao 


Determine for given soil and crop the 
depth of total available soil water stored 
in the root zone (Sa.D) using Table 38 
and plot values; make adjustment for . \ 


Morch Aorif May June July Aug. 


beginning of growing season during which ~'™ ——- % 
the roots develop. i oe eS a 
Determine from Table 39 fraction (p) of Repeat, a OH EES oe V 
total available soil water and correct for ‘ 
ETcrop. Calculate (1 - p)Sa.D for each : Pe ees 
month aa plot; make ad iativent for cr wert ine sala 
first part of growing season. ; 3 
When soil water balance curve (6) meets -4004 y 
soil water depletion curve (8), replenish . 
soil water with (p.Sa).D by drawing 3 
vertical line between (8) and (7). 500-4 : ‘ 
Plot new soil water balance curve (10) 
starting from line (7) and parallel to -6004 * 
line (6) for that period until line (8); ‘ 
repeat step (9). y 
~700 i : Ne 
Determine number of irrigations for each Ae 
month. , M 
-800 ‘py! 


Determine net depth of irrigation for 
each month. 


Determine interval of irrigation for each 
month. 


Add application losses and leaching 
water to determine supply requirements. 


EXAMPLE: 

Given: 
Cotton; growing season March through August. Crop, soil and climatic 
data as given below; rocting depth end Aprilis 1.5m; soilis medium 


textured. 

Calculation: M A M J Jj A 
all in mm 

(1) Wb begin. of month +100 +145 + 85 -120 -405 -685 

(2) Pe rainfall + 90 + 50 + 20 

(3) Ge groundwater : 

(4) ETcotton 4 -280 -120 

(5) We end of month +145 + -805 


(6) Plot We at end of months as given. 

(7) Total available soil water (Sa) is 140 mm/m soil (Table 38) or at full crop 
growth (Sa.D) = 140 x 1.5 = 210 mm; plot values and correct for early 
growing season. 

(8) For medium textured soil and given ETcotton determine fraction (p) of 
available soil water and (1 - p)Sa.D in mm. 


fraction (p) 0.65 0.65 0.65 0.65 0.65: 0.65 
ETcrop mm/day 1.5 3.5 Pay 9.5 9.0 4.0 
corrected p 0.9 0.8 0.5, 0.45 0.45 0.75 
(1 - p)Sa.D mm (20) (45) 105 115 115 50 
(9) and (10) Give graphical interpretation as indicated. 
(11) No of irrigations 
. per month 0 0 2 3 3 0 
(12) Net depths of 
irrigation mm 125 100 95 
105 95 95 
95 110 
(13) Irrigation interval - 14 10 
day 17 10 10 
10 12 


(14) Add leaching requirement and application efficiency. 


2.2.2 Field Irrigation Supply Schedules 


Field supply is primarily determined by the field irrigation schedules (depth and interval of 
irrigation) and by the method the water is distributed to and applied over the fields. The method of 
irrigation application (surface, sprinkler, drip) is in turn determined by factors such as type of 
crop, soil type, need for land grading, water use efficiency, erosion hazards, salinity of the 
irrigation water, cost and others. Field irrigation supply at ‘the time of irrigation for a given soil, 
crop and level of evaporative demand is: 


“410 é : 
qt = £2 (p.Sa).D.A mo 


where: stream size in l/sec 

supply duration in seconds 

application efficiency, fraction 

total available soil water, mm/m soil depth 

fraction of total available soil water permitting unrestricted 
evapotranspiration and/or crop growth, fraction 

rooting depth, m 

acreage, ha 


q 

t 
Ea 
Sa 
P 
D 
A 


EXAMPLE: 

Given: 

Cotton, June, medium textured soil, ET crop is 9.5 mm/day; readily 
available soil water is 0.7 x 90 = 65 mm/m soil depth, rooting depth 
is 1.5m, application efficiency is 0.65, field sizeis 3 ha. 
Calculation: 


a oes 65°1.5°3 - 4500 m9 


2“ O]-2 


To obtain a first estimate of q and t, by converting the depth of water to be applied into 
stream size and supply duration, Table 40 or monograph Fig. 19 can be used. The Table and mono- 
graph do not take into account the irrigation application rate, irrigation method and practices, and 
the stream size that can be handled by the irrigator, and as such may give unrealistic estimates. 


Estimates of q and t must be evaluated on the basis of the different irrigation methods and practices. 


Table 40 Average Intake Rates of Water in mm/hr for Different Soils and Corresponding 
Stream Size l1/sec/ha 


Soil Texture Stream size q 1/sec/ha 


Intake Rate mm/hr 


Sand 140 
Sandy loam 70 
Loam 35 
Clay loam 22 
Silty clay 7 
Clay 14 
Fig. 19 Monograph showing Relation between Depth of Irrigation, Area Irrigated, 
Volume of Irrigation Water, Supply Duration and Stream Size 
(after Israelson and Hansen) 
20 
se: 
1 Select appropriate vales on Bae, 
ales A, D and E. a eg 
. 40 
Lay ruler fron. the point on 10 vo0003? 
sca]. % through tl..; ‘at on ne iG 
sca:e to scale C. 
6000 
: ; . 50 
3. Place i> int of a sharp Be 19 
pencil against the ruler 7 \ 6 « te 
scale C. " 30.3 E 
. 52 S +2000 3$.8 5 o 
4. Slide the ruler on the pencil 3 2 2 2S = te 
to the point on scale A. = 5 a 8 ae 
s 8 : i £ 100 
x 2 5 +1000 1.0 
5. The answer appears where ‘. = 2 | 00 8 S Lato 
the ruler intersects scale B. E 3 = ot & = +120 
S = 600 05+ = & +430 
5 § g +500 HT AF 140 
- 2 F +400 °3 2 150 
) Be Stoo BE * 
200 01 200 
0.08 
0.06 
008 
109 004 
c 0.03 300 
002 
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oot te E 
EXAMPLE: 
Given: } 
Depth of irrigation is 150mm,acreage is 3ha, available stream size q is 50 lf'sec 
Calculation: 


Using monograph Fig. 19, t = 25hrs. 
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1) Surface irrigation 


For a given field, the stream size (q in I/sec or m®/sec) will depend mainly on the type of 
soil or infiltration rate, on the method of surface irrigation and the number and size of furrows, 


borders or basins that can be irrigated simultaneously. 


In the case of the basin (or level border) method, to attain uniform water distribution the 
flow of water to each basin should be at least two times or more that required for the average soil 
intake rate, i.e. the water should be applied between 0.2 and 0.4 of the time necessary for the 
required depth of water to enter the soil. In the case of furrow and border irrigation, the flow of 
water per furrow or border should be large enough to reach the end of the run, and small enough not 
to cause erosion, flooding and tail losses. The size of the flow must be adjusted to the infiltration 
rate of the soil, the length of run, land slope, erosion hazard, shape of the flow channel and the 


water depth to be applied. The stream size (q) that can be handled by an irrigator is 20 to 40 l/sec. 


Information on irrigation methods must be available at the design stage of the project, and 
field trials on irrigation methods and practices are required. For reference, the flow in 1/sec for 
a suggested size or length of field under basin, border and furrow irrigation is given for different 
soil types and land slopes in Tables 41, 42 and 43. These data apply to well graded fields.2/ 


EXAMPLE: 

Given: 

Cotton, with water application of 150 mm including application losses. 
Soil is medium textured; land slope is 0.5%. Furrow irrigation with 
spacing 0.8 m; 20 furrows can be operated simultaneously. 


Calculation: 

Table 42: length of furrow = 470 m 
Table 42: average flow per furrow = 1.25 1/sec 
q is number of furrows x average flow = 20 x 1.25 = 25 l/sec 
tis area x depth of application divided by q or 

(20 x 0.8 x 470) x 0.15/0.025 = 45000 secor= 12.5hrs 
With day and night irrigation, the area irrigated per 

day is (24/12.5) x 20 x 0.8.x 470/1 000 = 1.5ha 


Gi) Sprinkler irrigation 


The determination of the field irrigation supply for sprinkler irrigation is similar to that for 
surface irrigation, the main difference being the detail of information required to operate the system 
so as to minimize the equipment required. 


The stream size is determined by the application rate which in turn is governed by the basic 
intake of the soil and by the number of sprinklers operating simultaneously. This latter is determined 
by the system layout, which in turn is largely dictated by size and shape of the field, irrigation 
interval and the farmer's preference on number of hours per dayand number of days per week the 


system will operate. These factors have a distinct effect on stream size and supply duration. 


——— eeeeeSSSSSSSSSSeSeSeSSSSSFSFsee 


1/ For th luati irri i i 
1 Ber ea elses irrigation methods, reference is made to Merriam (1968), Slabbers (1971) 


ages 


Table 41 Size of Basins and Stream Size for Different Soil 


Table 42 ‘Length of Furrows and Stream Size for Different Soil Type, 
Land Slope and Depth of Water Application %* 


Length of furrow (m) average flow 


(1/sec) 


Slope (%) 


heavy texture medium texture light texture 
0.05 300 400 400 400 120 270 400 400 60 90 150 190 
1 340 440 470 500 180 340 440 470 90 120 190 220 
.2 370 470 530 620 220 370 470 530 120 190 250 300 
3 400 500 620 800 280 400 500 600 150 220 280 400 
25 400 500 560 750 280 370 470* 530 120 190 250 300 
1.0 280 400 500 600 250 300 370 470 90 150 220 250 
1.5 250 340 430 500 220 280 340 400 80 120 190 220 
2.0 220 270 340 400 180 250 300 340 60 90 150 190 


Application 
depth (mm) | 75 150 225 300 50 100 150 200 50 75 100 125 


Table 43 Size of Borders and Stream Size for Different Soil Type 


and Land Slope (Deep Rooted Crops) 


Soil type Slope (%) Width (m) Length (m) —_—_ Averrage flow (1/sec) 


Sand -2- 14 12 - 30 60 - 90 10 - 15 
4- .6 9 - 12 60 - 90 8 - 10 
6 - 1.0 6- 9 75 5 - 8 
Loamy sand .2- 4 12 - 30 75 - 150 7 - 1O 
4- .6 9 - 12 75 - 150 5 - 8 
.6- 1.0 6- 9 75 3 - 6 
Sandy loam .2- 0G 12 - 30 90 - 250 5 - 7 
4- .6 6 - 12 90 - 180 4- 6 
.6- 1.0 6 2- 4 
Clay loam -2- 4 12 - 30 180 - 300 3 .- 4 
4- .6 6 - 12 90 - 180 2- 3 
.6- 1.0 6 90 1 - 2 
Clay -2- 13 12 - 30 350+ 2- 4 


*& Under conditions of perfect land grading. 


- % - 


For a given system, the depth and interval of irrigation can be changed by varying the 
application duration and number of days between irrigations. Any alteration in the number of laterals 
and sprinklers operating at any time, other than that laid down in the design, may negatively affect 
the operation and uniformity of water application, unless flow and pressure regulators are used. The 
total stream size should therefore as far as possible conform to the discharge rate used in the design. 


EXAMPLE: 

Given: 

Cotton; ETpeak is 9.5 mm/day; basic intake rate is 10 mm/hr; depth per 
application net is 95 mm; application efficiency is 0. 75. 

Calculation :: 


Application time (t) is (95/0.75)/10 = 12 hours 
For 10 mm/hr, spacing 18 x 18, required stream size / 3 
per sprinkler is 10 x 18 x 18/1 000 = 3.25 m~/hr 


From Table 44, nozzle size 5.0/5.5 mm, pressure 2.5 atm. 

For given field size and shape, with no off hours of application per day and 
per week and irrigation interval, the system layout including numter of 
sprinklers per lateral (usually maximum 15) and number of laterals 
operating simultaneously can be found. Stream size (q) is foundt ~:. 
number of sprinklers and number of laterals operating at one t' - nultiplied 
by sprinkler discharge. 

Total pressure required at the pump can be determined from pipe friction 
‘losses, sprinkler height over the pump, and pressure at sprinkler nozzle. 
Water lift to pump and pump efficiency is to be added when selecting type 
and size of pump. 


Table 44 . Operating Figures for Some Sprinklers (Square Pattern) 


Nozzle Pressure Wetted Discharge Spacing Area Precipitation 
Diameter Irrigated ; 
m m 
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Gii) Drip irrigation 


With a drip system, irrigation water is supplied to individual trees, groups of plants or plant 
rows by emitters placed on laterals delivering a flow (qe) of 2to 10 1/hr each. The stream size is 


OG 


determined by the number and type of emitters, soil type, crop and allowable soil water depletion. In 
a well-operated system a nearly constant low soil water tension can be maintained in the root zone. 
For a selected level of soil water depletion and knowing ETcrop and soil infiltration rate, the 
frequency and duration of application can be determined. Information on flow rates is given in 


Tables 45, 46 and 47. 


EXAMPLE: 

Given: , 
Tomatoes; acreage (A) is 40 ha; ETpeak is 7 mm/day; soil intake rate is 
5 mm/hr; total available soil water (Sa) is 140 mm/m soil depth, at time of 
irrigation (1 - p)Sais 90 mm/m soil depth; rooting depth (D) is 1m. 

Row spacing (11) is 1.2 m with emitter spacing (17) of 0.6m; emission 


uniformity (Eu) is 0.95; application losses including evaporation 0.90; 
emitter flow (qe) selected is 2 l/hr. 
Calculation: 


Fraction of surface area wetted (P) using Table 47is 


w/(1, x 12) = 0.4/(1.2 x 0.6) = 0.55 

Depth of application (d) = (p.Sa)D.P/(Eu. Ea) = 32 mm 
Irrigation interval (i) is (p.Sa)D.P/ETcrop = 4 days 
Flow duration (t) is d x 1] x 15/qe = 11.5 hours 
Operation unit (N) is (i x 24)/t = 8 


Stream size required assuming continuous operation of the 
system 2.8A/N x qe/(11 x 12) . 


M 


39 l/sec 


Table 45 Flow Rate per Drip Emitter (qe) in 1/hr, Continuous Flow, for Different 
: ETcrops and Number of Emitters per ha 


ETcrop Emitters per ha 
mm/day 2500 


NOTES 
SRs8asg 


Table 46 Flow Rate per Tree, Continuous Flow, for Different ETcrop and Tree 
Spacing, l/hr 


Tree spacing ETorchard mm/day 
m 


6 x 
x 
12 x 
15 x 
18 x 


Table 47 Surface Area Wetted (w) in m for Different Emitter Flow and Soil Infiltration Rate 


Em.cer flow 
\/hr cont. 


OnKY 
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2.2.3 Design and Operation of Supply System 


Following the preparation of detailed field and canal layout the criteria on which the canal 
system will operate need to be developed. The method of operating the supply system can be broadly 
delineated as continuous, rotational and supply on demand. With the continuous method of supply the 
system is constantly in operation with supply adjusted to the changing irrigation requirements over 
the season. The method is mainly used for the main canals supplying acreages of 50 ha or more. 
Only in the case of some monocultures such as rice, pastures and orchards is the continuous supply 


sometimes maintained up to the field level. 


Rotation is most commonly used for surface irrigation; a fixed supply is normally selected 
and changes in irrigation requirements are met by adjusting the duration and interval of supply. 
Supply schedules should be prepared in advance. The method is not well adapted to a diversified 


cropping pattern or sudden large changes in supply requirements. 


For optimal operation, the free demand or random supply method requires high investments 
in canal structures and a high level of management. lt is primarily restricted to closed conduit 
pressure systems such as sprinkler irrigation or small projects (smaller than 50 ha), with adequate 
control of the water source such as pump irrigation from streams or wells. Within certain limitations 


the method allows the user of water to take irrigation water when desired. af 
To develop the operation of the supply system the following indicators can be used: 


- supply requirement factor fi = Vi/Vmax which for a given period i is the ratio between 
the average daily supply requirements during the period i (Vi in m?/day) and the average 


maximum daily supply requirements during the peak water use period (Vmax in m’/day) 


- supply factor fs = Qi/Qmax which for a given period i is the ratio between the required 
stream size during the period i (Qi in m®/sec) and the maximum possible stream size or 
canal capacity (Qmax in m*/sec) 


- supply duration factor ft = T/1 which is the ratio between supply duration (T in days) and 
the supply interval (1 in days) 


~ design factor & = 86 400 Qmax/Vmax which is the ratio between the maximum possible 
stream size or canal capacity (Qmax in m®/ sec) and the average maximum daily supply 


requirement during the peak water use period (Vmax in m®? /day) on which the design is based 


For the different methods of supply the values of the indicators can be summarized as follows: 


fs) 


continuous O h t : - : 
Sea nal rae Ss BH Sea possibly for rice (fi 
demand Oe 1 0 ha 


all acreages 


1/_ 1. Nugteren. Technical as istributi 

i pects of water conveyance and distribution systems. In: Water 
Seminar, Damascus. Irrigation and Drainage Paper 13, FAO Rome. "170-185. =“ 
Fukuda H. and Tsutsui H. Rice irrigation in Japan. OTCA, Tokyo. 8Bp. 
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G) Continuous supply 


With continuous supply the system is constantly in operation. The discharge in the canal 
system is adjusted to the daily irrigation requirements; the supply is distributed within the system 


proportionally to the acreages served. The design is based on: 


Qmax = & Vmax/86 400 E 


where: Qmax canal capacity, m?/sec 


Vmax = maximum average daily supply requirements in peak water use 
period for given crop acreage, mY/day 
o = design factor 
—£E = efficiency factor of conveyance and/or field canal, fraction 


Disregarding efficiency and any over-capacity, the design factoreé is equal to one. Since 
the supply during any part of the irrigation season needs to follow the daily irrigation supply require- 
ments, the supply factor (fs) is equal to the supply requirement factor (fi). The supply duration 


factor (ft) is equal to one. 


With the continuous supply method, construction costs are minimal since the design factor ox 
is approximately equal to one. The supply is regulated mainly by simple diversion structures which 
are easy to operate. Accurate adjustments in the supply proportional to actual field requirements 
are difficult to handle particularly when stream sizes become small, resulting in low efficiency (see 
Ep for rice, Table 37,equal to 0.32, ICID/ILR1). However, except possibly for some rice schemes, 
the fields need to be irrigated at given intervals, and at the field level an interrupted or rotational 
delivery will be required. Continuous supply is in general limited to canals serving 30 ha or more, 


and within the 50 ha block the supply is rotated among the individual fields. 


(ii) Rotational supply 


With rotational supply the capacity and operation of the distribution system is based ona 
constant or fixed supply to each field or farm (q) while the supply duration (T) and supply interval (1) 
1s varied according to the changing field irrigation requirements over the growing season. When in 
operation each canal section carries the maximum discharge (Qmax in m/sec). With a fixed supply 
delivered to each farm, usually for 1 or 2 days during the supply interval of some 10 to 20 days, 
rotations must be introduced between farm inlets and/or distributory canals. Since the distribution 
system always carries the maximum discharge, the whole system is closed for part of the time when 


irrigation requirements are low. 


Rotational supply, with rotation blocks of 50 to 250 ha, is well adapted to schemes with a 
single crop or simple cropping pattern. An advantage is the relatively high couveyance efficiency 
since canals are either fully filled or empty. Supply can be regulated from headworks and few che-k 
structures are required. Large variations in discharges are avoided reducing sedimentation problems. 
An equitable distribution of available water among farmers can be achieved. A main disadvantage can 
be that water supply to a diversified cropping pattern with distinct, different irrigation requirements 
over area and time is very problematic. The supply interval to each farm does vary over the season 
but is the same for all crops unless different crops are grown over large acreages or special 


provisions are provided such as introduction of double rotations. While the operation of the system, 
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i.e. the supply schedules, must meet the changing field requirements over the season, the design 


criteria are based on supply requirements for the peak water use month. 


The evaluation of the design and operation criteria of the system should start with an analysis 
of the field irrigation requirements. Starting at the field level, a constant or fixed stream size (q) 
should preferably be selected. This is not an absolute requirement but the use of a fixed stream size 
throughout the system simplifies the setting up of supply schedules and a certain degree of standard - 


ization of the capacity of canals and water control structures is achieved. The capacity of each 


canal section is then a multiple of q;_ to this an allowance must be added for the irrigation efficiency 
(E). The stream size selected is based on the method of irrigation and the way the water is 
distributed over the field or farm. It should: easily be handled by one irrigator or between 20 and 40 


l/sec. For large farms q can be increased 2 or 3 times. 


The operation of the distributary canal supplying the individual field or farm is expressed in 
supply duration (T) and supply interval (1), which in turn are based on the supply that is required at 
the field level (q.t) and the field application interval G) (2.2.2). The operation of the supply system 
is subsequently worked out for the tertiary, secondary and primary canals, taking into account the 
rotational system selected. However, with a fixed stream size (q) to each farm, the supply duration 
(T) to each field or farm at any time is in relation to the farm acreage. When possible, the farms as 
well as groups of farms or irrigation blocks should have approximately the same acreage since irrig- 


ation schedules can thus be more easily adjusted to the changing irrigation supply requirements over 


the growing season. 


The capacity of the canal system is determined by the design factor &, which depends on the 
ratio 86 400 Qmax/Vmax, as well as on the duration (T) the canal is in operation during the interval 


(1) during the peak water use period, or: 


Qmax = & Vmax/86 400 E 
and For = 1/T = l/ft 
where: Qmax = maximum stream size or canal capacity, m°/sec 
Vmax = average maximum daily supply requirements during the peak 
water use period, m//day 

ad = design factor 
E = efficiency, fraction 
I = supply interval, during peak water use period, days ‘ 
T = supply duration during peak water use period, days 
ft = supply duration factor during peak water use period, fraction 


For the main canals serving acreages of 50 to 250 ha, the value of & will be approximately 
equal to one as this simplifies canal operations and requires the least construction costs. .For the 
distributary canals within the 50 to 250 ha, the canal will be operated on rotation and values of & will 
be greater than one. The part of the distribution system operating on rotation can be seen by the 
transition of small values and large ft values of the main canals into small ft values and large & 
values of the distributary canals and/or farm inlets. The selection of rotation system will have to be 
made at an early stage. It will depend amongst others on the farm and farm block acreage and layout, 


flow control, ease of operation of the system and cost of construction. 
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A number of examples are mentioned on possible rotation systems. Note that the purely 


hypothetical examples are meant to show calculation procedures only. 


A common type of rotation system is where the supply of the distributary canal is rotated 
among the farm inlets situated along the distributary canal. Except for the farm inlet, the design 
factor @& is equal to one for all canals. Each farm inlet will receive the fixed stream size (q) with 
duration depending on irrigation requirements but proportional to the farm acreage. (Also stream 
size can vary but this requires localized arrangements.) 


EXAMPLE: 

(1) Rotation amongst 10 farms of equal size situated along a distributary 
canal; field supply interval (i) is 10 days; supply duration (t) is 1 day. 
For each farm inlet ft = O.l and « 10 
For distributary and upstream canal sections ft = 1 and & 1 

(2) Rotation amongst 4 farms of 1, 2, 2 and 5 ha each located along one 
distributary canal; field supply interval (i) is 10 days. 
Farm inlet ft=0.1, 0.2, 0.2 and 0.5 and & = 10, 5; 5 and 2. 
For distributary and upstream canal sections ft = 1 ande& = 1 


wou 


A more accurate supply can usually be obtained by simultaneously supplying all farms 
situated along the distributary canals and rotation of the fixed stream size among distributary canals. 
EXAMPLE: 


Rotation among 10 distributary canals each supplying 10 farms of approximately 
‘equal acreages; iis 10 days. , : 


For each farm inlet ft = 0.1 and © = 10 
For each distributary ft = O.l and o& = 10 
For upstream canal sections ft = 1 and w= 1 


With large design factors the operation of the distribution system may become rather 
complicated and expensive. To simplify operations a second rotation may, when needed, be applied, 


one between tertiary and one between distributary canals. 


EXAMPLE: 

Given: 

Cotton on 150 ha; from example 2.2.2 Surface irrigation stream size (q) is 
25 1/sec and during peak water use periods delivery time (t) is 25 hours, 
irrigating 1.5 ha; delivery interval (i) is 10 days; supply requirement in 
peak season is 15 mm/day or Vmax is 150 m3/day/ha. , 

Water is supplied by one secondary canal eae 150 ha; the supply is 
rotated among 2 tertiary canals each supplying 75 ha; tertiary canal supply 
is rotated among 5 distributary canals each supplying 15 ha; on each 
distributary canal 5 farms each of 3 ha are stpplied simultaneously. 
Calculation: 

Supply duration (t) to each 3 ha farm in peak period is 1 day out of 10 days 
50 1/sec. & = 86400 Qmax/Vmax. 


with stream size 2xq = 
farm inlet : * = 86400 x 0.050/450 = 10 ft = 0.1 
distributary :& = 86 400 x 0.250/2 250 = 10 ft = 0.1 
tertiary : « = 86400 x 0.250/11 250 = 2 ft = 0. 
secondary 2% = 86400 x 0.250/22 500 = 1 ft = 1° 
upstream sections: % = 1 ft = 1 


Note: If the tertiary canal would supply simultaneously the 5 distributary canals 
which are in turn supplying 1 farm per day, the capacity of the distributary can be 
reduced from 250 to 50 1/sec which may be a simpler and cheaper solution. In this 
latter case: 


farm inlet :«& = 86400x 0.050/450 = 10 ft = 0.1 
distributary :e& = 86400x 0.050/2 250 = 2 ft = 0.5 
tertiary : oe = 86400x 0.250/11 250 = 2 ft = 0.5 
secondary :o& = 86400x 0.250/22 500 = 1 ft = 1 


At the design stage, an accurate evaluation of the operation of the supply system can only be 


made when pilot projects have previously been started. However, as shown, a number of criteria in 
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the operation of the system should and can be used, using pre-arranged schedules. These schedules 
can be either rigid (fixed supply with fixed duration and jixed interval) or, preferably, flexible and 
adjusted to changes in cropping patterns and field irrigation requirements. The canal system, however, 
remains to be operated at the maximum discharge (Qmax), while duration (T) and interval (1) of supply is 
varied. The delivery schedule to each farm is, however, based on the irrigation requirements of the 
main crop and the other crops are supplied on the same schedule. Only in the case of extensive acreage 
of shallow rooted crops, requiring more frequent irrigation as compared to the main crop, can an extra 
or double rotation be included during the supply interval based on the main crop. During periods of low 
irrigation requirements the supply is interrupted for longer periods. The period (T) out of the supply 
interval (I) that each canal is operating is T = (fi/)I; each canal is closed (1 - fi/x Dl. 


* 


EXAMPLE: 

Given: 

Cotton on 150 ha. Water distribution system same_as previous example. Average 
daily supply requirement (Vi) during May is 115 m3/day/ha and irrigation interval 
(i) is 17 days (see example 2.2.2 Surface irrigation); as previously given maximum 
daily supply requirement (Vmax) is 450 m3/day/ha and design factor (& ) for farm 
inlet is 10, for distributary canal is 10, for tertiary canal is 2 and for secondary 
and upstream canal is l. 

Calculation: 


Supply requirement factor fi = Vi/Vmax = 115/150 = 0.75 

Supply duration farm inlet T = (fi/x I = €.75/10)17 = 1.2 days 
distributary T = (0.75/10)17 = 1.2 days’ 
tertiary T = (0.75/ 2)17 = 6.5 days 
secondary Tes (0.75/ 1)17 = 13 days 


G1) Supply on demand 


Supply on demand allows the use-(s) to take irrigation water as desired. The capacity of the 
supply system (canals or pipes) with free demand is based ona selected probability of the number of 
fields supphed simultaneously during the peak water use periods” A free demand supply is difficult 
to achieve in open canal systems. More common is the demand system with advance scheduling; ‘requests 
for water are made 2 or 3 days in advance and the distribution of water is programmed accordingly. To 
operate the system efficiently water users should be acquainted with proper irrigation scheduling. A 
well-trained staff must be available to operate the system. It requires full control of water level and 
discharge of each part of the distribution system. Remodelling of schemes based on rotational supply 
1s feasible provided basic data on irrigation scheduling are available and conditions mentioned can be 


met. High capital investment and a high level of management is required. 


-2.4 Summary Calculation of Project Desion and Operation 


The calculation procedure can be summarized for each month from the field irrigation schedules . 
(2.2.1), the field irrigation supply schedules (2.2.2) and the design and operation of the supply system 
(2.2.3). At the design stage a number of assumptions have to be made; several alternatives in the 
operation of the supply system and field irrigation schedules should be considered. Enough flexibility 
should be built into the design to allow for future changes and refinements in meeting the field irrig- 
ation requirements. Supply schedules need to be adjusted once the project is in operation, which 
would include refinement of information on field variables (crop, soil and climate) as well as on 
conveyance and operation characteristics of the supply system. In a system operated on a continuous 
or rotational basis, subsequent improvements can be made to achieve a supply on demand, provided 
requests for supply are made 2 or 3 days in advance. 


! . Cl « Cc d Ss d les seaux d i . 
= ction n la ds I a Houille 
R ement alcul e ebits dans re rr 1gation fon onnant a deman 
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An example is given summarizing the calculations required for a simplified flexible rotation 


supply: 


EXAMPLE: 


Field irrigation schedules: 

1. Prepare for given crop and climate the running soil water balance, over the 
growing season according to We = > (Wb + Pe + Ge - ETcrop) in mm/month. 

2. Determine for given crop and soil the total available soil water over the 
rooting depth (D) or Sa.D; determine fraction (p) of total available soil water 
(Sa.D) allowing optimal growth and correct for ETcrop. Calculate (1 - p)Sa.D 
in mm for each month. 

3. Plot running soil balance (We), total available soil water over rooting depth 
(Sa.D) and allowable soil depletion (1 - p)Sa.D in mm for each month; determine 
irrigation application timing and interval according to method given in 2.2.2. 

Field supply schedules: 


4. Determine criteria on method of irrigation and farm irrigation practices and 
select stream size (q) to field and farm in mY/sec. 
5. Determine maximum daily supply requirements during the peak water use period 


(Vmax) and average daily supply requirements (Vi) for each part of the growing 
season from Vi = 10 ETcrop/Ea (disregarding rainfall). 

Design and operation: 

. Determine supply requirement factor fi = Vi/Vmax for the growing season. 

qs Select the method of supply for the selected canal system layout and give the 
design factor * = 86 400 Qmax/Vmax for the different canal sections; determine 
the supply duration T = (fi/o )l for the different canal sections over the 
irrigation season, in days. 

8. Determine supply interruption of main canals during supply interval G) in days. 


The calculation example below is based on an irrigation section of 150 ha with cotton from 


March through August and supplied by rotation as described in previous examples under 2.2.1 and 


2.2.3. 


M A M ] ] A 
1s Wb beginning of month +100 +145 +85 - 120 -405 -685 
Pe rainfall +90 + 50 +20 
Ge groundwater 
ETcotton - 45  -110 -225  -285 ~280 - 120 
We end of month, mm 4145. +85 -120 -405 -685 -805 
2. Rooting depth, m 0.20 1.25 1.50 1.50 1.50 1.50) 
Sa medium texture, mm/m 40 40 140 140 140 140 
Sa.D, mm 30 175 210 210 210 210 
at ET cotton 1.5 365 7.5 9.5 9.0_ 460° 
p corrected 0.9 0.8 0.5 0.45 0.45 0.75 
(1 - p)Sa.D, mm (25) 5) 105 145 e 9 > a 
! Ty BD, 2.0 12. 2. 
3. Date of irrigation 45 iis 46 “6 18 
Irrigation interval, days 17 14 10 10 10 10 12 
4. Stream size (q), mo isee 
to field 0.025 
to farm 0.050 
5. Daily supply Vi, m?/day 115. 115 150 150 150 120 140 
6. Supply requirement factor, fi 0.75 675 1 1 1 095 0.95 
7. Supply duration factor t, days 
for farm inlet (= 10) 1.3 105 1 1 1 095115 
for distributary ( x = 10) 1.3 1.05 ] 1 ] 0.95 LAS 
for tertiary (¢ = 2) 6.5 525 5 5 5 475 375 
for secondary (“é = 1) 13° «105 10 10 109.5 11.5 
8. Supply interruption in a 
secondary canals, days 4 3.5 0 0 0 0.5 0.5 
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3. PROJECT OPERATION 


3.1 REFINEMENT OF FIELD SUPPLY SCHEDULES 


To achieve high water use efficiencies and high production, the irrigation schedules should 
follow the variation in crop water needs during the growing season. Irrigation schedules prepared 
at the design stage should be continuously revised and updated once the project is in operation. This 
applies equally to most traditional irrigation schemes where field supply is still based on fixed quan- 
tities and fixed periods. In addition to refinement of supply criteria, this also concerns the hydraulic 


properties of the distribution system as well as the operation and management of such systems. 


Adaptive Research 


In order to develop the criteria for scheduling the supply and to obtain acceptable irrigation 
efficiencies, adaptive research should be carried out on representative soils typical of the project 
area. Field trials should be as large as possible and placed within the irrigated area to avoid the 
effect known as "clothesline" which can grossly affect the result obtained from a patchwork of small 
experimental plots. The research programmes should be continuous. The type and detail of adaptive 
research programmes will depend greatly on their purpose, but also on available financial resources, 
existing governmental organizations and institutes, and the experience of the staff. Adaptive research 
should start as early.as possible, and, if possible, well before the stages of detailed project design 
and project execution. Institutions td provide the necessary information and to carry out the prog- 
ramme should be associated with the project, and for large schemes should be part of project 


administration. 


To make optimum use of knowledge and experience available in the country the adaptive 
research programmes should be carried out in close collaboration with established national research 
institutes. Studies should reflect the most critical problems met in project design and operation. 
Field. sub-stations should be established at the project site and be equipped to apply, on a practical 
scale, the results from research stations to local conditions. Apart from agronomic and fertilizer 
trials, their types of activity should include: 


- evaluation of all water components in the,field under selected irrigation treatments 
for various stages of crop growth and evaporative demand 


- irrigation practices (frequency and amount studies); in the case of salinity hazard, 


» leaching and cultural practices should be developed ; 


~ water/yield relationship as affected by water scheduling and seasonal and periodic 
water deficits on yield 

— irrigation methods including field trials on layout, length of run, permissible stream 
size for irrigation method selected 


~ irrigation/fertilizer interactions. 


The outcome of field experiments on irrigation practices and water/yield relationships for 
the project should allow the formulation of recommendations on depth and frequency of irrigation over 


the growing season for the different crops and soil types. Such recommendations must in turn be 
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expressed in irrigation supply schedules and the operation of the distribution system should be 
adjusted accordingly. 


To obtain usuable results the water-related experiments should preferably be conducted with 
adaptive high yielding varieties, a high fertility level and adequate pest control, with water remaining 
as the main variable. To obtain water/yield data from irrigation depth and frequency: studies the type 
of experiments visualized are (i) with non-soil water stress conditions throughout the growing season, 
Gi) with fixed levels of soil water stress throughout the growing season, and (iii) with soil water stress 
during certain physiological stages of crop growth. Experiments under (i) would be based on calculated 
data on crop water needs (ETcrop) and on water holding characteristics for the main soil types (Table39. 
Soil water depletion needs to be checked, for instance by use of tensiometers. With treatment (ii) the 
irrigation application is based on soil water depletion levels in the root zone which, for non- sensitive 
field crops could be for fine textured soils 80, 140 and 200 mm per m soil depth, for medium textured 
soils 60, 100 and 140 mm/m and for coarse textured soils 30, 45 and 60 mm/m. For water sensitive 
crops much lower values would apply (Table 39). Treatment (iii) is applied during certain stages of 
crop growth to save water without substantially reducing yields. Stress condition irrigating at for 
instance 60 and 80 percent depletion of available water should be applied outside the crop critical 
stages for water stress (Table 32). Frequently little factual data can be obtained and results of 
experiments are so-called "statistically insignificant" when irrigation treatments are based on fixed 
irrigation intervals throughout the growing season or are based on applying depths of irrigation water 
according to replenishing the root zone to field capacity and to fractions above and below field 
capacity.—' Whenever salinity problems are involved, the available soil water must in addition to 
soil water potential also include the osmotic potential. Leaching requirements must be based on salt 
tolerance levels for the different crops (Table 36). 


Practical field studies can be carried out in the irrigated fields and provide results the value 
of which is often greatly underestimated. They can also be used for demonstration and training 
purposes. The survival rate of such experiments may be low because of uncontrollable factors, the 
difficulty of maintaining the farmers’ interest and keeping appropriate records. Close collaboration 


with the local extension service should be maintained. 


The need to set up pilot projects before embarking on large-scale project development is 
evident. The pilot area should cover between 100 and 500 ha to allow analysis of future project 
operations. Apart from water requirement and application experiments, problems concerning water 
scheduling and the distribution of water, use of surface and/or groundwater, water and salt balance, 
and water use efficiency can be studied. The pilot scheme should be designed with an eye to its 


inclusion in the anticipated large project. 


- Data Collection 


In addition to information on cropping patterns and practices including anticipated production 
plans, data on water availability, climate and soils should be collected on a continuous basis. On 


water availability this would include gauging of rivers and groundwater level fluctuations and 


1/ Rijtema P.E. and Aboukhaled, A. Crop water use. In: Research on Crop Water Use, Salt 
- Affected Soils and Drainage in the Arab Republic of Egypt. FAO Near East Regional Office, 
Cairo. p. 72. 1975. 


- 104 - 


reservoir operations, together with periodic measurement of water quality and sediments. 


An agro-meteorclogical station should be established at an early date. The station should be 
placed inside the project area and be surrounded by an irrigated field, minimum size 100 x 100 m. 
The station should be at least 10 x 10m _ with short grass as ground cover. Observations at a field 
station should include (1) temperature, maximum and minimum; (ii) relative humidity (wet and dry 
bulb thermometers); (iii) precipitation (raingauge); (iv) wind (totalizers); (v) sunshine (Campbell 
Stokes sunshine recorder); and (vi) evaporation (Class A pan). 1 The station should be established 
in collaboration with national meteorological services. For selection of instruments the national, 
accepted standards are normally followed. Properly trained meteorological observers should be 
emploved. The services of an agro-meteorologist will be required to select the equipment and sites, 


. 1 
to train personnel, to advise on observation programmes and for the analyses of the data obtained. au 


A detailed soil survey (scale 1:5 000 to 10 000) should have been completed before the design 
of the project. Additional investigations will be required, in particular on physical and chemical 
properties of the soil and their changes under prolonged irrigation.4 Soil salinity and groundwater 


table observations should be made at regular intervals. 


Project Monitoring 


Project monitoring should be executed on a permanent basis and include evaluation of method 
of supply and scheduling of irrigation water as well as water use efficiency studies by direct measure- 
ments of tne separate components. Water use studies in the farmer's field are required. Particular 
attention may be given to land preparation, land grading and irrigation methods and practices for 
-vaditional and new cropping patterns. Scheme management including institutional aspects, personnel, 
communication facilities and improvement and maintenance schedules should be periodically reviewed. 
The closely related agricultural services often found complementary to the activities of the scheme 
management such as agricultural supplies, farm machinery, credit and extension will need to meet 
tne changing demands for such services. Modification and renovation of systems should be considered 


as an integral part of the long-range planning of irrigation development. — 


3.2 APPLICATION OF FIELD IRRIGATION DATA 


Once the irrigation data for a given crop, soil and climate are available, various ways can 
be used to put these data into practice. The supply to individual fields can be scheduled using soil 
waser indicators, plant indicators or evaporation measuring devices such as pans. Numerous tech- 
n.cal publications, manuals and irrigation guides provide instructions on the application of direct 
measurements and the use of soil water indicators for irrigation scheduling. 3/ However, the use of 
these devices by farmers is often disappointing. 

Agro-meteorological field stations. Irrigation and Drainage Paper No. 27. FAO Rome. 1976 


L 
2 Soil survey in irrigation investigations. Soils Bulletin (draft). Land and Water Development 
Divisicn. FAO Rome. 1974. 


3/ Hagan, R.M. , Harse, T. and T. Edminster. Irrigation of agricultural lands. 1967 
Irrigation, Drainage and Salinity. An Intern. Source Book. Unesco, Paris. 1073. 
Stanhill, G. Practical soil moisture problems in agriculture. WMO. 1568. 
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EXAMPLE: Irrigation scheduling by soil water accounting procedure using Class A evaporation pan. 


Required: Standard raingauge and Class A pan on grassed site surrounded by short crop; daily 
observation (08.00 hours). 
Estimated or measured wind and humidity levels of previous day. 
Soil data on water holding characteristics; crop rooting depth and level of maximum 
soil water depletion: 
Crop coefficient (kc) for different stages of crop growth. 


Procedure: At 08.00 hours pan evaporation is measured. For humidity and wind values of 
previous day and for given upwind distance of green crop, kpan is determined 
(Table 18). For given stage of crop growth kc is selected (Tables 21 and following) 
ETcrop = kpan x kc x Epan. 


From soil water balance, subtract ETcrop, add daily rainfall and irrigation 
application. 


Irrigation is applied when allowable soil water depletion has been reached (Table 39). 


SOIL WATER BALANCE SHEET 


Scheme: . Kalra ke, seine Soil type: Sthy han, .. Total available soil water 4% v% O- 30cm 
Field: hae bags #8. v% 30- 60 cm 
Farmer: kodak aiuaratarate #F. v% 60- 90 cm 
Months: . Aad Hor.... 0... : | 1+ v% 90-120 cm 
Pan location: #o@ Youd, Mibae siehoneee Crop: yee -. Rooting depth be ite lo Fang areas cm 

CE 2appreor field Irrigate when balance is: ...M .....0.. mm 


Date | Days| Epan | Wind | Humi- kpan kcrop | ETcrop | Rain j Irr. | Bal- | Remarks 
after dity ance 
plant 
ing mm ; mm mm mm 
S7/y Q 63 Lak? f782 rr : eM — #£o = 9¢-é7e. 
4 ly 4 2 Die -_ lo OF “2 io ia 2g bs 
’ a, WP WILd IS 37 Red ‘ 
CLM Lice 
2B. L2 a 
(22 VY 
“Ss CLLRS tot 
kt 
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It is preferable that advice and assistance be given by central irrigation authorities or 
extension services. The necessary data can be collected from small experimental field plots which 
mirror the local agricultural practices (Philippines). When extensive research has already been 
carried out, evaporation pans (Class A) can be used for scheduling irrigation (Israel, Hawaii). 

Other methods are based on meteorological data combined with known soil and crop data, supplemented 
by sufficient field checks (U.S.A.). 4 For development and testing of such prediction methods, 
adequate experimental data must be locally available. Communications must be simple and direct. To 
formulate recommendations on irrigation scheduling the following is required: 


Action Requirements 


Cropping plans including type of crop, location, 
acreages, date of planting, soils, water supply. 


l. RST ET for reference crop (grass, Adequately tested crop water prediction method. 
alfalfa : 

2. Apply crop coefficient for given crop Adequate experimental and field data on given 
depending on stage of growth and soil crop, soil and production potential. 
water level. 

3. Determine soil water depletion level in Date of last irrigation, water retention 
irrigated fields (calculated, and by capacity of soil, soil survey. 
making field checks). 

4. Predict future rainfall contribution. Rainfall frequency distribution analysis of long- 


term daily data. 
5. Predict with computed ETcrop when day Detailed soil and crop data, water use/ 


of maximum allowable soil water will be production function. 
reached. 

6. Calculate total amount of water to be Irrigation efficiency, groundwater contributed 
delivered to the field at predicted time. to root zone, leaching requirements. 


Information centre; extension service. 


Correct timing of irrigation is even more essential when water is in short supply. Early 
decisions must be made regarding the times at which water can be saved and when its allocation is 
most essential. Savings in irrigation water may be made by optimum utilization of soil water stored 
from winter rains or pre-irrigation. Additional savings may be made by allowing the soil to dry to 
the maximum permissible degree at the end of the trowing season, rather than by leaving a high 
level of available soil water at harvest time; possibly one or two irrigations may be saved by this 
practice. Also, total depth of water and the number of irrigations can be minimized on the basis of 
a good understanding of water-crop yield relationships. During periods of water shortages, irrig- 
ation supplies can be programmed on pre-selected ETcrop deficits, with the least deficit allewed 
during the most sensitive growth stage; for most crops this is from flowering and early fruit devel- 
opment onward. However, such refinements in field application scheduling can only be of value if 
the design and operation and management of irrigation systems are geared to meeting actual fidld 
requirements by providing the correct supply to the farm at the right time. 


Time is required for the introduction of modern ‘irrigated farming technology and for the 
eventual acceptance of new practices by the farmers. For the adoption of efficient irrigation practices 
in the farming system a range of long-term activities will be required such as the setting up of adequate 
scheme management, provision of extension services, establishment of demonstration plots, and avail- 
ability of training facilities. It is only when this framework has been established and is functioning 


that carefully developed criteria can be tested and applied, once their validity has been proved. 


ss 
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APPENDIX iL 


BACKGROUND AND DEVELOPMENT OF METHODS TO PREDICT 
REFERENCE CROP EVAPOTRANSPIRATION (ETo) 
b 


W.O. Pruitt and J. Doorenbos 


The approach presented 1:: this >bl.cation defines the use of available methods to predict 
evapotranspiration for differ2:. .!:n.ai.. conditions. After consideration of many methods and based 
on climatic data needed to apply these and the accuracy required, four methods were selected for 
detailed analysis and calibration. Three are based on methods proposed earlier by H.F. Blaney and 
W .D. Criddle (1950), G.F. Makkink (1957), and H.L. Penman (1948). The fourth, pan evaporation, 
has been found by many to be reliable when local pan environment is standardized and adjustments are 
made for major climatic differences. The methods were calibrated against potential evapotranspiration 
as defined at the Conference on Physics in Agriculture (Wageningen, Netherlands, 1955), herein 
defined as reference crop evapotranspiration (ETo) (Part 1.1). 

There were, as expected, difficulties and obstacles experienced in carrying out the FAO 
study. The great variety of experimental procedures and type and accuracy of data collected made 
adaptation of published research results to a common data base very problematic. Contradictions 
in the published research results were noted, whereby anomalies in predicting water use from avail- 
able prediction methods faded into insignificance. The terminology used easily led to misinterpretation, 
while in many instances the minimum data set permitting even a crude evaluation of research results 
was not available. Observations on crop development were seldom made and environmental and site 
conditions were frequently not reported in published literature. The format for presenting research 
results in most instances required further personal contact with the researcher. This meant that after 
a review of numerous research results the final evaluation was in fact based on a selected few research 
sites with recognized excellence in type and accuracy of basic input data which adequately represented 
a wide range of climatic conditions. The results of analyses were subsequently tested on experimental 
results from locations found in different climatic zones (Branscheid, 1976). 

Based on comments received and following a re-analysis of available data, modifications to an 
earlier draft edition (1975) are herein made, particularly Figures 1] and 2 and Table 16 (Part 1.1). 


1 DATA AVAILABLE 
1.1 Blaney-Criddle Method 


Complete weather data were available for some twenty locations representing a very wide 
range of climates, along with measured ET for either grass, clover, alfalfa-‘or grass-legume mixes. 
For alfalfa, data 10-14 days following cutting were‘eliminated. To relate ETo to actual ET data, the 
data were adjusted downwards by 7 to 20 percent, depending on stage of growth and climate (with the 
exception of grass). In addition to weekly and monthly data, daily ET and climatic data at six locations 
were used to encompass the wide range of conditions. The results of the analyses were subsequently 
compared to data of many other stations. 
1.2/1.3 Radiation and Penman Methods | 

Data from ten research sites provided the main input for calibration of the methods. Together 
with complete weather data, ET data determined from lysimeters were available for grass at seven 
sites, for alfalfa at two sites, and for alfalfa-timothy at one site. Corrections as explained above 
were made for the alfalfa and alfalfa-timothy data. The lysimeters ranged from highly sensitive weighing 
units providing data for hourly periods or longer to drainage type lysimeters for which only 10-day to 
monthly data could be considered accurate. The lysimeters were in.fields at least one hectare in size 
(2-5 ha for most fields), except for those at Tal Amara and Phoenix which were less than one hectare, 
but for much of the season the upwind fields were in irrigated crops. Direct measurements of net 
radiation were available at five of the ten sites. Solar radiation data were available for all ten sites, 
along with temperature, humidity and wind. Data for the distribution of wind, day and night, were 
available from Tal Amara, Lebanon; Montfavet, France (near Avignon); Copenhagen, Denmark; Davis 
and Brawley, California, USA. Subsequently the presented methodology was used to compare cal- 
culated and measured data for many other locations. , 
1.4 Pan Evaporation Method 

The pan coefficients which relate pan evaporation (Epan) to ETo for pans surrounded b 
crop (Case A, Part 1.1.4) with 100 m or more upwind distance of irrigated grass medium to high 
RHmean and light to moderate wind, were obtained from a wide range of sites. Coefficients for pan 
surrounded by dry fallow land (Case B, Part 1.1.4) were based on studies in India by Ramdas (1957) 
in USA by Pruitt (1960, 1966) and Nixon (1966), and in Israel by Stanhill (1961). The significant 
reduction a te ommended Kp values with strong wind and low RH conditions is based largely on daily 
purposes. ~year period in California. Many literature references were used for interpolation 
2 DEVELOPMENT OF METHODS 
2.1 Blaney~-Criddle Method 


A strong correlation exists for a gi i 
. C given climate between ETo and the Blaney-Criddle "f" f 
Pruitt, 1960, 1964; Tanner, 1967). The initial approach in this study was to present the ETo and 


€T. MM/DAY 
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f relationship in a similar manner for different locations 
representing a wide range of climates. Use was made of 
relationships already established for different crops in many 
areas, which were presented in the original Blaney-Criddle 
formula as the "K" value. For a given site the user could 
then select the relationship of a similar climate (Figure 1). 
The K values reported in literature relate to crops 

other than grass and are therefore highly dependent on stage 
of growth, cover and maturity. Also, K values may be 
similar for similar climates but the effect of different lengths 6 
of growing season and the nature of the plait relationship 
will present problems of interpolation.1/ The latter is 
shown in Figures 2a and 2b. Since the range of climatic 
conditions is similar in Davis, Prosser and Soledad, the 
same relationship given in Figure 2a between ETo and f 
would apply. However, climatic conditions during January 

and December in Davis are comparable with conditions during [ 
March and November in Prosser; the range of climatic con- 2b 
ditions is less pronounced in Soledad particularly during 
summer. Distinct monthly differences can be noted plotting L 
the same monthly K values from Figure 2a for each month of 
occurrence in Figure 2b. More pronounced differences can pL _t to L L i 
be expected for other climates. A definite identification of o 2 G 8 
relationships between ETo and f values together with a 
specific climatic description is therefore required. : ; ; 

rs Using daily, weekly and 10-day data from (amongst Figs 1 ee Be Mie ee 
others) Brawley, Copenhagen, Davis, Montfavet, Tal Amara nde fon di ffaeent inated 
and Wageningen, the relationships between ETo and f were (Asl y 1965 ic Ginnees vet 
classified according to ranges of RHmin, n/N and Uday. al 7932: Letert Apeonal: 
Figure 3 gives an example of the analysis carried out and Eonmmunteation) »P 

resents three of the 27 relationships used (Figure 1 of 
Bare 1.1.1). Figure 3 also shows that the presented relationships will slightly overpredict ETo for 
some climatic conditions (represented by Line 1 of Block 1 and Line 1 of Block 1V of Figure 1, Part 
1.1.1). The relationships are in good agreement for conditions found in Brawley, Phoenix, Wagen- 


ingen and Yangambi. 
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1/ The many published K values were helpful, however, in developing the crop coefficients (kc) for 
“many crops listed in Part 1.2. 
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The values for.'a' and 'b’ of the relation- 
ship ETo = a+ bf or ETo = a+ b p(O.46T + 8) are 
given for -'b' in Table 1 for different levels of RHmin,. 
n/N and Uday; the values of 'a' range from -2.3 to 
-1.6 and are based on a = 0.0043 RHmin - n/N - 1.41. 
The values of 'a' and 'b' can be used to compute ETo 
from available data rather than using the graphical 
method presented in Part 1.1.1. 

The computer programme (Appendix III) 
uses the same equation for 'a'; the table for the 'b’ 
values is included in the programme and interpolates 
between the diffezent ranges of RHmin, n/N and Uday, 
but for Uday greater than 10 m/sec a value of 10 m/sec 
is assumed. The results will show some difference 
between these and the methods given in the draft 1975 
English edition of this publication. 


' Fig. 3  ETgrass versus the Blaney-Criddle f in 


mm/day for five locations and three out of 
27 relationships given in Fig. 1, Part 1.1.1. 
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2.2 Radiation Method 

The method in essence is based on the Makkink formula (1957) or ETp = a(4/4+y)Rs - b 
with ETp and Rs in mm of evaporation. The coefficient a = 0.61 and b = 0.12 found applicable in the 
Netherlands,was determined for different values of RHmean and Uday, using available measured ETo 
and climatic data; 4/A+ y is expressed as W. 

Relationships between ETo and W.Rs are shown in Figure 4 for ten locations. Rather than 
giving for each relation the climatic description under which it would apply, the relationships were 
defined for different values of RHmean and Uday. No reasonable explanation can be given as to why 
RHmean proved more satisfactory than RHmin as used in the Blaney-Criddle method. An example of 
analysis is given in Figure 4b which shows three of the 16 relationships used in Figure 2, Part 1.1.2) 
Numerous daily and weekly data from Brawley, Copenhagen, Davis, Montfavet, Tal Amara and 
Wageningen were used together with monthly data from other locations in developing the relationships 
shown in Part 1.1.2. Solar radiation (Rs) was used rather than net radiation (Rn). The.use of Rn 
would have resulted in somewhat less empiricism but would have required additional measured data and/ 
or computations in application. 
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Fig. 4a Relationships for ET grass and W.Rs for ten locations 
4b ‘b' values for three out of the 16 relationships for ranges of 


RHmean and Uday 


Values of b were determined for discrete levels of RHmean and Uday. Table 2 serves as a 
reference table for computing ETo as against the graphical method in Part 1.1.2. This table is in a- 
condensed form included in the computer programme (Appendix III). The value of a = -0.3 for the 
y-intercept was found to be a good approximation for all conditions. 


Table 2 Values of 'b’ in the Radiation Method as a function of RHmean and mean daytime 
wind. ETo = b.W.Rs - 0.3 mm/day with ETo and Rs both in mm/da 


Daytime 
wind 


(RHmax + RHmin) / 2 % 


m/sec 
0) 1.04 1.02 99 -95 91 ‘ 
1 1.09 1.07 1.04 1.00 .96 F 
2 1.13 1.11 1.08 1.04 -99 ; 
3 1.17 1.15 1.11 1.07 1.02 : 
4 1.21 1.18 1.14 1.10 1.05 : 
5 1.24 1.21 1.17 11.13 1.07 1. 
6 1.27 1.24 1.20 1.15 1.09 1. 
sy 1.29 1.26 1.22 1.17 1.11 1. 
8 1.31 1.28 1.24 1.19 1.13 12. 
9 1.34 1.30 1.26 1.21 1.15 1. 
10 1.36 1.32 1.28 1.23 1.17 1. 
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2.3 Penman Method 

The original Penman method (1948, 1956) is based on evaporation of a (smooth) water surface. 
Evidence of the wide range of published relationships indicates that in particular the effect of wind 
for different climates must be considered (Rijtema, 1965; Aboukhaled et al., 1971; Wright and Jensen. 
1972). To avoid the necessary local calibration of the wind function (fu) in the Penman formula - 
requiring additional data input, and to arrive at a single function that is applicable under different 
climatic conditions and easy to use, f(u) was calculated for sets of ine which were grouped according 
to mean windspeed (u) and f(u) = [ETo - W.Rnal=(Q - WXea - ed)}.1/ Results for three locations are 
given in Figure 5 and for 9 locations in Figure : 
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Wright & Jensen (1972) 
for Alfalfa 


0 200 400 0 - 200. 400 
WIND, KM DAY 


Fig. 6 Wind function relationships for nine locations; 6a is based on use of (ea - ed) 
and 6b on (ea - ed)g. Except for Coshocton, Yangambi and Haiti the relation- 
ships involve late spring to early autumn conditions 


The difference in form and magnitude of f(u) found here as well as in the literature is-for an 
important part due to the manner in which the components of the Penman formula are calculated, in 
particular the saturation deficit (ea - ed) and net radiation (Rn). The effect of the manner in which 
(ea - ed) in mbar is calculated is shown by an example for 20 days at Davis (Figure 7). The 
lowest values, (ea - ed),, are based on ea 
at (Tmin + Tmax)/2, and on ed = ea(RHmin 
+ RHmax)/200; the values (ea - ed) 
related to the average of (ea - ed) at Tmin 
and (ea - ed) at Tmax; the highest values 
(ea - ed), relate to a more heavy weight 
given to daytime conditions and ea is based 
on T =(4 Tmax + Tmin)/5. Values of (ea - 
ed} were used in deriving Figures 5a, b, c 
and 6a; values of (ea - ed). in deriving 
Figures 5d, e, f and 6b. 

As to net radiation (Rn), measured 
data are seldom available. From a 
practical point of viewit is important that 40% 
Rn can be determined from relationships 
which need not be locally determined, but Aa 
are more universally applicable and much 
easier to use. Net Rn or solar radiation 
were available at the locations used for the 
analyses. However, where the necessary i Sabet RG 
climatic data at locations subsequently 10r fo 
tested were not available, net shortwave Se AB ae 
radiation (Rns) was determined from Rns = oF an 7 ahha tthe te wt 
(1 -%& Xa + bn/N)Ra where &« = 0.25, a= ie aeston et, Reeoans Pts a eae Ree mn eT es 
0.25 and b= 0.50. Net longwave 
pacts ae Meee Osea N. Fig. 7 Saturation deficit Cea - ed) for 20 days at Days 

. under a wide range of conditions using (i) ea at 
Values of Ra, N and W were obtained from Tmean, (ii) average of ea - ed at Tmax and Tmin 
Smithsonian Meteorological Tables (1951). ie Tee : 
an aah os and (iii) ea at T = (G@ Tmax + Tmin)/5 

Results of analysis similar to 
Figures 5 and 6 were used to arrive at a single wind function f(u). The relationships in Figure 5a, 

b and c using (ea - ed); relate b stb a power function for f(u). Results in Figure 5a for Montfavet 
closely agree with f(u) = 0.018UY:/> for 8 cm high grass as reported by Rijtema (1965); Figure 5b 
for Davis closely agrees with f(u) = 0.016 U9-7 for U = 50 to 400 km/day. Figure 5c for alfalfa 20- 
80 cm tall at Brawley is in good agreement with the Rijtema function for a 15 cm tall crop and U = 60 
to 150 km/day, but is smaller at higher U values; the Rijtema function for crop height of 50 cmis 
well above the alfalfa data averaging about 50 cmtall. The f(u) relationships in Figure 5d, e and f 
using (ea - ed)z are rather different from Figure 5a, b and c. The relation for these as well as other 
locations is nearly linear; also, the magnitude of f(u) is much lower since the computed value of 

(ea - ed) is larger. Comparing the functions with those by Wright and Jensen (1972) for 20-cm or 
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aa ae 


taller alfalfa at Idaho, the f(y) for ae at Montfavet is somewhat greater for windspeed > 260 km/day,' 


but smaller for windspeed < 260 km 


day. The Wright and Jensen function for alfalfa exceeds the i(u) 


for grass at Davis but agrees with f(u) values (not shown) for alfalfa 30-80 cm tall at Davis in mid- 
summer. It underpredicts f(u) for alfalfa at Brawley at windspeeds up to 250 km/day. Results are 
shown for several locations in Figure 6 with for Figure 6a using (ea - ed), and for Figure 6b using 
(ea - ed)g. The spread of f(u) relations points to severe limitation of applying the Penman method to a 
wide range of conditions although some of the spread can be due to experimental error, techniques used, 


and advection. 


From wind considerations alone, locally calibrated wind functions must be applied or 


additional corrections are necessary when using a single f(u) function. 

To avoid local calibration and to simplify the use of the Penman method a single, straight-line 
relationship was selected, i.e. f(u) = 0.27(1 + U/100) where U is mean windspeed in km/day at 2m 
height (Figure 6a). Also, the simpler (ea - ed); calculation was preferred. However, the use of this 
single wind function for a wide range of conditions cannot lead to generally reliable estimates of ETo; 
consequently additional corrections are necessary. 

In deriving the necessary corrections consideration was given to daytime and night time 
weather conditions, particularly to wind and air humidity (Tanner and Pelton, 1960). The Penman 
method was shown to be highly reliable if hourly as compared to mean daily weather data were used 


(Mcliroy and Angus, 1960; Pruitt and Lourence, 1966; Van Bavel, 1966). 


As to the effect of the 


daily wind distribution on ETo, for example, total 24-hr wind is almost equal at Davis and at Tal 


Amara, but 40% more wind occurs during daytime hours at Tal Amara than at Davis. 


Windspeed at 


Tal Amara approaches maximum when radiation is highest, whereas in Davis maximum windspeed is 


reached around 17.00 hr when radiation is at a lower level. 


With the pattern of wind at Tel Aviv, 


the effect on ETo of the 131 km daytime wind is probably as a as the 153 km for Tal Amara and 


probably twice as effective as the 110 km for Davis (Figure 


): 


As to the combined effect of wind and humidity, at Tal Amara even with more severe advection 
(perhaps 400-600 km/day) than indicated by the mean conditions given in Figure 8, calmconditions 
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Fig. 9 Wind function relationships for 
differerit seasons (daily and 10- 
daily data, Davis) 


still prevail by early morning before sunrise with 
RHmax approaching 70 to 90%. This produces a mean 
(ea - ed) which is not very high considering the 
severe advection of the daytime period. As a result 
the Penman method even with the selected wind 
function tends to underestimate ETo by 20 to 30%. On 
the other hand, a similar strong advection period at 
Davis usually involves strong day and night wind with 
RHmax usually remaining below 35 to 40%. A very 
large (ea - ed) results which,combined with a large 
total 24-hr wind,results in predicted ETo from 30 to 
300% greater than actual ETo with the higher values 
relating to winter conditions only when radiation is 
low even on clear days. 

The effect of wind and humidity on ETeo is more 
pronounced when evaporative conditions (or radiation) 
are high as compared to when. evaporative conditions 
(or radiation) are low. Subsequently the analysis of 
f(u) was carried out for different periods of the year. 
Figure 9 shows the change in the f(u) relationship with 
season. Similar results were obtained for most loca- 
tions well away from the equator. The f(u) relation- 
ships appeared smaller during winter than in summer. 
This is in agreement with the crop coefficients used in 
the original Penman method, ranging from 0.6 in winter 
to 0.8 in summer. Additional corrections based on day 
length and greater weight to (ea - ed) during the day 
were suggested earlier (Penman and Schofield, 1951). 
Rather than day length, the level of radiation was used 
herein for further analysis. 

For the Penman formula with f(u) = 0.27 (1 + 
U/100) and (ea - ed)], the interactions between U , RH 
and Rs and their combined effect on calculated ETo 
against measured ETo were analysed. Values for the 
correction factor c for the presented Penman method 
for discrete levels of Rs, RHmax, U and Uday/Unight 
were determined using available hourly, daily and 
weekly data (Table 3). The range of c values extends 
to conditions which may seldom occur, such as weekly 
periods with average windspeeds of 3to 6m/sec. In 
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most climates high windspeed/low humidity/low radiation conditions may only occur for very short (or 

daily) periods. As a result of using a single wind function some correction is required for zero wind. 
The same c values are used in the computer programme (Appendix III). The computer 

Programme interpolates between the various ranges of Rs, RHmax, Uday and Uday/Unight ratio with 

upper and lower limit as indicated in Table 3 but doés not extrapolate, i.e. th 

Rrimax = 30.0 for values of RHmax <30 percent etc. P 7 * Programme wees 


Table 3 Correction Factor c in the Presented Penman Method 


RHmax = 30% RHmax = 60% 

6 12 3 6 9 
Uday/Unight = 4.0 
.86 .90 1.00 1.00 | .96 £9 1.05 
-79 ~~. 84 .92 .97 | .92 1.00 1.11 
.68 .77 .87 -93 | .85 -96 1.11 


| Rs mm/day 
Uday m/sec 


81 188 194 |.87  °96 1.06 
68  .81 .88 |.77. .88 1.02 
. . .67 .88 
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2.4 Pan Evaporation Method 

Evaporation pans are used in many climates to estimate crop water needs for weekly or 
longer periods based on the results of studies in India by Ramdas (1959), in Israel by Stanhill (1961, 
1962), in USA by Pruitt and Jensen (Washington State 1955), Campbell et al. (Hawaii, 1959), Pruitt 
(Washington State 1960), Stephens and Stewart (Florida 1963), Chang (Hawaii 1963) and California 
Dept. of Water Resources (1975), in South Africa by Thompson et al. (1963), in Australia by McIlroy 
and Angus (Melbourne 1964), in Venezuela by Lopez and Mathison (Caugua 1966), in Lebanon by 
Sarraf (Tyr and Tal Amara 1969), in Haiti by Goutier and Frére (1972). A review of the method is 


given by Linacre and Till (1969). 
Tne pan evaporation 


method for weekly or longer periods 10 
may give less problems than the 

methods mentioned earlier, particularly 8 
when the pan is located in a large grass 
field that is properly managed and well 
irrigated. For instance, the original 
Penman method gives good results in 
calculating ETo at Tyr on the coast of 
‘Lebanon; it underpredicts ETo by 30 

to 40 percent at Tal Amara in-the in- 
land Bekaa Valley, Lebanon. For the 
two locations the relation between ETo 
and Epan shows much less difference 
when taking into account pan environ- 
ment and climatic conditions (Abouk~ 
haled et al. 1971). This is supported 


by the results presented for 10 sites tL Zn ” 
and based on references quoted above og” TE 
(Figure 10). The Kp values for Mel- a 82, 68° 
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California locations, with Kp decreas- 
ing with decreasing RH. 
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Fig. 10 Evapotranspiration versus Class A pan evaporation 
for locations indicated 
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To analyse the effect of humidity and wind on the relation ETo and Epan, the data from 
Figure 10 and many other studies including the 15-year study at Davis were grouped in various — 
combinations of RHmean and Umean. One example is shown in Figure 11 for three such combinations; 
the solid lines represent the relationships between ETo and Epan as given by the Kp value, Class A 
pan, Case A for upwind distance of the irrigated crop or fetch of 200 to 300 m, Table 18 (Part 1.1.4). 
The dashed line respresents the strong wind/low humidity combination and indicates lower Kp values 
than given in Table 19 (Part 1.1.4). It is the actual regression relationship for these data. Since 
some of the data relate to perennial ryegrass, with visual signs of wilting (curling of leaves) sometimes 
noted, the more conservative Kp values seemed advisable. However 94 out of total 115 days were for 
alta fescue grass, which showed no signs of wilting even under the severe conditions involved. 

, The effect of local pan environment is shown by an early study under arid conditions by Pruitt 
(1960). During mid-summer months in South Central Washington State, USA, Epan at a surface pan 
located in dry fallow field was some 30 percent higher compared to similar sized surface pans located 
ina grass field. Epan ofa sunken pan was some 4O percent higher in dry fallow fields. Less than 
10 percent difference between pans sited in cropped and non-cropped fields was found for cool, humid 
coastal climate(Lompoc, Calif.) by Nixon (1966). Ramdas (1957) reported results similar to a 1957-59 
study at Davis. In Davis USWB Class A and sunken pan (both 12] cm in diameter and 25.4 cm deep) 
were placed centrally (i) within different sized circular shaped areas of frequently irrigated and 
mowed ‘grass plots all located in large fallow fields (Case A) and (ii) within different sized non- 
cropped circular shaped plots located within a large irrigated grass field (Case B). The effect on 
the ratio ETo/Epan or Kp for various combinations of humidity and wind and different pan environ- 
ments was subsequently analysed. The need for Kp values as low as 0.5 is shown for pans located 
in large dry uncropped areas. Epan under conditions with upwind distance of bare land of some 60 km 
was some 70 percent higher than for an irrigated pasture environment with light to moderate wind 
conditions in the San Joaquin Valley (Calif. Dept. of Water Resources, 1975). The low Kp value would 
apply in semi-arid areas where pan measurements are taken prior to irrigation development. / 

In adapting the Tables 18 and 19 (Part 1.1.4) for the computer programme, the Kp values are 
related to discrete levels of RHmean and Umean. The programme assumes RHmean = 30 percent for 
values listed under low, 57 percent for medium and 84 percent for high RH. The programme inter- 
polates between 30 and 84 percent but not beyond these values. The Kp values listed under light, 
moderate, strong and very strong wind relate to windrun of 84, 260, 465 and 700 km/day respectively. 
The programme interpolates logarithmically for distance of fetch; it does not extrapolate for fetch 


beyond 1000 m. The programme includes only Class A pan, Case A and B, and not sunken Colorado 
pans. 


3 ACCURACY OF ESTIMATING ETo 

The choice of method will in many instances depend on the type of climatic data available for 
the given location. Only general indications as to accuracy of the methods to predict ETo can be 
given for different climates since no baseline type of climate exists. In testing against measured 
ETo, the presented methods appear to be in good agreement for a wide range of climates (Figure 12) 
except possibly at higher altitudes and where the correction factor c in the Penman equation is 
relatively large (Tal Amara). Additional adjustment may be required as is given for the Blaney- 
s-riddle method (Part I.1.1) for spring and summer months in semi-arid and arid areas with upwind 
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adjustment of 10 percent for each 1 000 m altitude change above sea level. For Tal Amara at 900 m, 
this would still leave a 10 percent underprediction of ETo for June and July. 

Overpredictions compared to measured ETo are noted in Figure 12 for Davis and Copenhagen. 
This may be caused by the frequency of irrigating the lysimeter and its surroundings. At most sites 
drainage-type lysimeters were used with soil water constantly near field capacity. In the case of 
the 6.1 meter diameter weighing lysimeter at Davis, during 1959-63 -the available soil water was 
depleted to half before the next irrigation. Analysing the data for the periods with up to ¥/3.soil 
water depletion gave, however, similar results. — 

The presented Penman method uses Uday/Unight ratio, the Blaney-Criddle and Radiation 
methods use day time wind. For Figure 12 the ratio Uday/Unight applied is for Phoenix, Arizona, 
1.5; Coshocton, Ohio, 2.0; Port au Prince, Haiti, 2.5; Yangambi, Zaire, 2.0; Wageningen, 
Netherlands, 2.5; Montfavet, France, daily data in groups of 1 to 1.25, 1.25 to 1.75, up to 3.5 to 
4.0. The computer programme assumes 2.0 if no estimate is provided. 

In summary, the presented methods may give slightly conservative estimates of ETo in humid 
regions; they may possibly over-estimate ETo by 10 to 15 percent at some mid-latitude, semi-arid 
locations; they may under-estimate ETo by 5 to 10 percent in very hot, dry desert locations with 
light wind. Difference will occur in similar climates, as for instance the climates resembling those 
of Northern Europe; the overprediction for Copenhagen is in contrast to the good results found in 
Wagerringen. The results for the 9 locations in Figure 12 reflect the availability of accurate 
measured climatic data. For most locations the climatic data may need to be partly obtained by 
extrapolation from nearby stations, from general descriptions of climates, or from local estimates 
particularly on RH, n/N and U when applying the Blaney-Criddle or Radiation methods, and less 
accuracy can be expected. 
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Introduction eee 

The computer programme is based on the methods to calculate reference crop evapotranspiration 
(ETo) as presented in Part 1.1. The programme can be used to calculate on a routine basis the daily, 
weekly or monthly ETo data for several locations in development projects. Also, it can be used to 
process climatological data of a given country and to provide in tabular form or on maps the evapo- 
transpiration data needed for general project planning. Particularly for areas with considerable 
annual or monthly variation in climate, frequency analysis of ETo using each year of climatic record 
would provide improved estimations of water requirement data for planning purposes. Since large 
amounts of computations are involved, the programme will provide an efficient means to perform these 
calculations at a reasonable cost. lt would replace the graphical and computational techniques as 
presented in Part 1.1. 


Capabihties of the Computer Programme 
The programme determines the values of reference crop evapotranspiration (ETo); conversion 


to evapotranspiration for different crops must be done manually using techniques described in Part 1.2. 
Estimates of ETo can be computed using daily, weekly, 10-day or monthly average values of climato- 
logical data. lf more frequent data are provided for each month, the average monthly value of ETo is 
alsc printed. The programme is designed to handle the input climatological data regardless of units 
used, with the programme handling the necessary conversions. 


Hardware and Software Requirements 
The programme was developed and tested on a Burroughs B6700. Provisions for use on other 


computers with a minimum of difficulty have been made. Local computer consultants may be contacted 
for minor syntax error to suit a given system. The hardware requirements are: 
FORTRAN 1V COMPILER 


s 


One disk or tape unit Burroughs 
Memory (words) 4474 
Printer (positions) 122 
Compilation (CPU) 0.15 min 


Description cf the Programme 
The programme consists of one main programme, five subroutines, and a function subprogramme. 
the subroutines are: BLANEY, RADIAT, PENMAN, CORPEN, ETPAN. CORPEN is the subroutine 
for Part 1.1.3 whereas PENMAN relates to use of the basic: equation only (or with C = 1.0). All 
climatological data are read in the main programme and if no error in input data from a given station 
occurs, estimation of ETo by use of various. subroutines is done. A macro-flow chart of programme 
functions is shown in Figure 1 of this Appendix. The main features are:: 
1. Print option. Through variable "NPRINT" user has choice of getting different levels of 
outputs as given below. - 
NPRINT 0 prints only station name and ETo estimates. 
= l prints above + converted data. (See example for Davis, California at end 
of this Appendix.) 
2 prints above + input data without conversion. (See example for Brawley.) 
Each card is printed as read. For first run this option is recommended. 

This will assist in identifying the specific card with format error, if any. 

2. If neither measured sunshine (or cloudiness), solar radiation, nor net radiation data are 
available calculation by RADIAT is omitted. 

3. Similarly, if neither measured relative humidity, sunshine data nor solar radiation data are 
available, calculation by PENMAN. and CORPEN is omitted. 

4. Estimation by Pan methods needs specification on length of fetch and case as described in 
Part 1.1.4. These specifications do not change daily or even monthly in many cases and 
therefore have been omitted from each data set of daily, weekly or monthly average values. 
There is an option to change these specifications by specifying "NREAD" as 1. For first 
data card of daily or average value "NREAD" should be made as 1 and on next card (not a 


data card). Fetch and case are to be read if EPAN estimation is desired. 
ee EE ee ea ED CET 


1/ : ; 
=~ Major portions of programme development were done under NSF-RANN Project on Nitrate in 


Effluents from Irrigated Lands (Gl 34733X , Gl 43664 and AEN 74-11136 AO]) University of 
California. 
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5. If mean average pressure (PMB) for the year is not defined for the station, the programme 
automatically uses the following relationship developed by W.O. Pruitt using data from a 
wide range of altitudes in Africa (Griffith, 1971, Climate of Africa, Vol. 10., World Survey 
of Climatology): PMB = 1013 - .1152 * ALTITUDE + 5.44 * 10-6 * (ALTITUDE)2 

6. Of the three elements of wind data (24 hour wind, daytime wind and day/night ratio), two 
have to be read in and the programme calculates the third missing parameter. If only 24-hr 

--wind or daytime wind is given and no day/night ratio (URATIO) is read in, the programme 
assumes URATIO = 2.0. ; 

7. lf from the three humidity terms(Tdewpoint,vapour pressure and relative humidity) only one 
parameter is given, the programme approximates the others from known physical and mathe- 
matical relationships. \ 

8. The equation used in the programme to estimate RSis: RS = (0.25+0.50 n/N) RA 

where RS = solar radiation; RA = extra-terrestrial radiation; n/N'= ratio of actual to 

maximum possible bright sunshine hours. lf a local reliable relationship based on a wide 

range of n/N and RS is available, the card given at sequence 2340 may be modified. 


Card Preparation 
Preparation of data deck as listed below is specific for the given programme. The data for each 


station are grouped into two parts:(i) data which remain constant for the station (Al, A2 and A3) and 
(ii) daily, weekly or monthly (or any number of days) average values. lt is advised that data available 
on punched cards for any location: be converted into the following form through a separate, inde- 
pendent programme. . 
: Al 1st Card for each station: 
Col 1-30 (5A6) STA (30 character alphanumeric station code) 
Col 31-35 (F5.0) ALT (altitude of station in metres) — 
Col 36-40 (F5.0) LAT (latitude of station in decimal) 
Col 41  ~ (Al) HEMIS (hemisphere "N" or "S") 
-Col 42-50 Blank 
Col 51-55 (F5.0) UHT (height (metres) of wind measurements) 
Col 56-60 (F5.0) PMB (mean annual pressure in millibars if available) 
, Programme will use a computed value if not given here. 
A2 2nd Card for each station: factors for conversion, identification of status of data and 
selection of print option. For most of the factors see the comment cards in the programme. 
Col 1-5 (F5-0) FU24 (factor for converting 24-hr wind data to km/day) 
Col 6-10 (F5.0) FUDAY (Factor for converting daytime wind data to m/sec) 
Col 11-15 (F5.0) FACTED (factor for converting vapour pressure (ED) values to 
millibars) — 
Col 16-20 (F5.0) FACTRS (factor for converting solar radiation (RS) to equivalent 
mm/day) (see comment cards in the programme) 
Col 21-25 (F5.0) FACTEP (factor for converting EPAN data to mm/day) (Monthly 
total evaporation in mm or inches must be converted to 
daily mean evaporation since programme will not handle 


this data.) 
Col 26 (Al) UNITT (flag for temperature data "C" or "F") 
Col 27-36 Blank 
Col 37 (11) UNIT N (flag for identifying the sunshine/cloudiness data) 


= 1, 2, 3, 4, or 5 (see comments in programme for details, 
sequence nos. 925-990) 
Col 38 Blank 
Col 39 (11) RHFLAG (flag for identification of RH data) 
= 1 if RH data are based on measurements (if actual dewpoint temp- 
erature data or vapour pressure are used, then RHFLAG = 1 
since programme will automatically calculate RHmax, RHmean 
and RHmin.) 
= 2 if RH data are estimated 
Col 40 Blank 
Col 41 (11) UFLAG (flag for wind data) 
= 1 if U24 or UDAY are measured data 
= 2 if U24 or UDAY are estimated data 
Col 42 Blank 
Col 43 (11) NFLAG (flag for sunshine or NRATIO (n/N) data) 
= 1if measured or RS is measured 
= 2 if estimated 
Col 44 Blank 
Col 45 (1) NPRINT (option for printing input data) 
= 0, only results are printed 
= 1, prints above + converted data 


ae 


= 2, prints above + unconverted input data as read - - suggested for 
first run. 

(NOTE: RHFLAG, UFLAG and NFLAG are provided to compute at least the Blaney method 
if no measured data on relative humidity, wind and sunshine are available for a particular 
station, but reasonable estimates can be made. In this case the use of Radiation or Penman 
is generally not desirable. However, for some regions there may be enough first-order 
weather stations to allow climate maps to be prepared with reasonably accurate isolines of 
n/N, Tdewpoint or vapour pressure, wind, etc. The necessary data for stations having 
only temperature data can be obtained by interpolation and calculations based on Radiation 
and Penman methods can thus be made. A "1" should be used in Col. 39, 41 and 43 as if 
data were measured.) 
A3 3rd Card of each station specifying the options for various methods. Selection of one 

up to all of the methods can be specified depending on the status of climatological data. 


Col 1-4 Blank 
Col 5 (11) NBLANY (#1, estimates ET by Blaney and = 0, omits it) 
Col 6-9 Blank 
Col 10 (11) NRADIA (=1, estimates ET by Radiation method provided 
: sunshine, n/N, or solar radiation are the measured 
data, or obtained as indicated a few comments back. 
A zero (0) in Col 10 indicates calculations based on 
Radiation method should not be made. ) 
Col 11-14 Blank 
Col 15 (11) NPENMN (1, estimates ET by Penman-FAO equation (with 
C = 1.0), provided relative humidity, wind, and 
sunshine data are measured data, or as indicated 
above, and = 0, omits it) 
Col 16-19 Blank 
Col 20 (11) NCORPN (#1, estimates ET by corrected Penman method if 
the data of relative humidity, wind and sunshine 
are measured data or as indicated above, and = 0, 
emits it) 
Col 21-24 Blank 
Col 25 (11) NETPAN (=1, estimates ETo by EPAN provided actual pan 


evaporation, FETCH and CASE are specified, and 
= 0, omits it) 
A4 4th Card of each station. 

Col 1-3 (A3) SID (station identification in alphanumeric code in 3 characters 
on each card. These may be left blank if desired since 
these are not used in the programme.) 

Col 4-5 (12) MONTH 

Col 6-7 (12) DAY (should be inputted = O if only average monthly data are 
used, or = day of first date for weekly or 10-day periods, 
e.g. 1, 11, 21 for 10-day periods) 

Col 8-9 (2) YEAR Cast two digits of year, or OO if mean data for multi- 
year records are used) j 

Col 10 (11) NREAD (flag for changing the FETCH and CASE values of 

ETPAN. = 1, needs next card "A5" and = 0, or blank 
for no change) 

Col 11-15 (F5.0) TMAX (daily or average daily maximum temperature. If no 
no decimal is used Col 15 must serve as location foy 
unit digit) 

Col 16-20 (F5.0) TMIN (daily or average daily minimum temperature) 

Col 21-25 (F5.0) TDEW (dewpoint temperature -- see sequence nos 830-840) 

Note: If no vapour pressure or RH data are available, a 
reliable estimate of TDEW is by assuming TDEW = TMIN, 
(or that the air is saturated at TMIN). This is reasonable 
for sub-humid climates but not for drier climates, especially 
when windy at time of TMIN. 

Col 26-30 (F5.0) RHMAX (maximum relative humidity -- see sequence nos 702- 

785). Note: If no dewpoint or vapour pressure data 
os piggies eo gulutee must be estimated if a 
adiation method estimate of ETo is A 
Col 31-35 (F5.0) RHMIN (minimum relative humidity -- see poet fase 790 - 
815). Note: If no dewpoint or vapour pressure data 
are ere pape ae must be estimated to obtain 
even a Blaney-Criddle estimate of : 
Col 36-40 (F5.0) ED (vapour pressure a Sequence nos 140-650) 
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Col 41-45 (F5.0) UDAY (mean daytime 0700-1900 hrs) wind -- see sequence 
nos 875-900). Note: If 24-hr wind data is not available, 
UDAY (or U24) must be estimated to obtain ETo 
estimates. 

Col 46-50 (F5.0) U24 (24 hour wind total) 

Col 51-55 (F5.0) NACT Soles of bright sunshine or cloudiness in oktas or 
tenths 

Col 56-60 (F5.0) NRATIO. (ratio of actual to possible sunshine hours).Note: If 
no sunshine, cloudiness or RS data are available, 
NRATIO must be estimated to obtain even a Blaney- 
Criddle estimate of ETo. 

Col 61-65 (F5.0) RS (solar radiation) 

Col 66-70 (F5.0) RN (net radiation -- included in programme for research 
institutes where Rn may be measured) 

Col 71-75 (F5.0) EPAN (24-hour evaporation from USA Class A pan -- see 
sequence nos 460-470) 

Col 76-80 (F5.0) URATIO (ratio of daytime wind (0700-1900) to nighttime wind 
(1900-0700). Programme uses 2.0 if no basis for 
estimating) 

Card A4 is repeated for all data sets for a given station. Blank card at the end of the data 
sets, reads the data for new station from Card Al. Whenever Col 10 is non-zero, the Card 
A5 has to be provided as next card. 

A5 Card for reading new value of FETCH and CASE. 

Col 1-10 (F10.0)} FETCH in metres (if no decimal is used Col 10 must serve as 
location for unit digit) 

Col-11 (Al) CASE ("A" or "B" -- see Part 1.1 for details) (Present 

programme does not include methodology involving data 
from other than Class A pans.) 


Test Data and Examples of Output 


Examples from two locations in California are provided to illustrate the programme. The input 
data, column by column and card by card are provided not only for illustrative reasons but also as 
samples of test data to check newly punched programmes for a given computer. 

The examples provide first an illustration to compute ETo from mean climatological data for a 
multi-year record. For the pan data for Brawley, the reason for changing Case and FETCH relates 
to the particular situation found. The Class A panis in a 10m x 10 m weather station planted to 
Bermuda grass with the surrounding 4 ha field assumed to be non-cropped continuously. The change 
in Case (B to A and back to B) relates to the generally dormant condition of the Bermuda grass within 
the weather station during the November-February period (CASE B) as compared to its green-growing 
characteristic from March-October (CASE A). Assuming the 4 ha upwind field is dry all year, this 
- results in a 5 m fetch of green grass for the Case A period of the year, but with the grass dormant, a 
fetch for the Case B situation of 5m plus the 4 ha field or say around 200 m in the direction from 
which the prevailing winds come. 

The Davis data are presented for a particular month (October 1960) to illustrate: (i) daily ETo 
calculation from daily weather data; (ii) 10-day mean ETo calculated from mean weather data for 10- 
day ‘periods; and (iii) monthly mean ETo from mean weather data for the month (not mean of several 
years as for Brawley). The use of a "1" in Col 45 of Card A2 illustrates the case where only con- 
verted weather data are presented, as compared to the use of a "2" for Brawley with both original. 
and converted data printed out. The use of a "0" would result in a printing of only the calculated 

To data. 

As to the results the following observations can be made: 

1. For Brawley a reasonable agreement exists month by month for all methods, although EPAN 
values run 10-14% low. This may be due to the fact that the 4 ha field was in crops about half 
the years of record. During such years the fetch in Case A periods would be some 200 with 
Kp values some 15% higher than selected by the programme. 


2% For Brawley, little difference is noted between Penman and corrected Penman. The need for 
correction, however, is demonstrated by the daily Davis computations. . 
3. For Davis, the very high estimates by the Penman equation (C = 1.0) on days involving strong 


day and night winds combined with medium radiation during October and the low RHmax at night, 
are quite unrealistic. The agreement between corrected Penman and the other methods is quite 
good. 

4. The Davis data illustrate the considerably better response of the Blaney-Criddle and Radiation 
methods to day by day weather changes than could possibly be expected using for example the 
original Blaney-Criddle, Makkink or Jensen-Haise methods. The availability of n/N, RH and 
wind data (or their reasonable estimates) remains a crucial requirement. : 

5. The rather close agreement (for each method) between ETo calculated from daily, 10-day or 
monthly weather data is surprisingly good for this particular set of data. Such close agreement 
may be somewhat fortuitous but at least is encouraging considering the rather extreme variability 
of wind and relative humidity day by day. 
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Figura 1. MACRO-FLOW CHART 


lead station name, altitude, latttude. hemisphere, Reight of wind meagucements, 
mean pressure for the year. 
Read tactors tor converting 24-hous wind. daytima wind. vapor pressure, solar 
tadiation and E.pan data, unite of temperature data: flag bor identifying the 
Slatus (mesaured of guessed) dals of cloudiness, AN, wind, and sunshine: 
and tag for printing or ommiesion (NPRINT) of input and converted dats, 
Read tag lor entitying whether eatimation ty Blaney, Radiation, 
Penman. Corrected Penman ana/or EPAN desired 


Read sistion 10, month. day, year, MAEAO. 
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da 
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A SS 


f Finish cara or set (A1, A2, A3, and deck of A4 & A5) of new cards for new 
station 


_ SE 


f Blank card terminates estimation of given station 


jf Card A3-specifying options for various methods 
" Card A2-conversion factors, identification data, specifying print aption 


’ Card At-siation name, altitude, latitude, hemis, wind height measurement, PMB 


Figure 2. DECK SETUP FOR INPUT CATA OF PROGRAM 
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OC2IeC(2e1) «© TACK © CECzeaIwCCZe1)) Jo003Pe0 
OPecci) ¢ FeCX © (OCZIOOC1)) Cososres 
ePeg,00eden # r * feed 40603800 
0003863 

ErlieeP « fPer ocoosslo 
RETURN GoOUsFLS 
€50 F oogoseze 
. CCooSART 

OTR 

LVOMCUTINE weOLAT CeLTeyDovemeRleAMME CMe TREE OET2) 0000345" 
DIMENSION @8Ceee) 0000 3ee0 
Coccescccteseee POOP eeP RPI OPe rere rr rere rrrr irri irri i rrr ti iri eer yr iy) Sty S| 
¢ THIS LUBROUTINE CoLcuLeTES AH EF veLUE OF THE ReOTATION WET HOO, 06005053 
Coecseneton eaueneete ee eedeeceeten #700038499 
00003860 

her0e) 009038¢9 
ootosara 

Ce eee tees cece eee ace eeetaeeearet Coot ee casereaseseccccccsceeecesscene sGG0 TET} 
¢ IMTERPOLSTION OF * ‘ onooseso 
¢ Im *M8S BELOMe UOor (3 OM THE VERTICAL FROM 0,0 7H 10.0 Coooseas 
c 1 ’ coco3seq 
te Cee eeeeehaeweseaeen 90903499 
o0003¢08 

Dele 08 / Ledee 103%. 0¢003909 
2 1.020 ern cooaseto 
J O00 Letde 000719 
‘ Hears telte 00803920 
4 Oetee 0,040 occose2§ 
. Qeeee Ooele NelOe Oe73e OotSe Oott/ ooont¥se 
od00sery 

teuper gobosvRe 
to RWNE ON 00007008 
20e0L9$0 

hefer(nsa) o 00003999 
iethed 00803460 
Lv C12eGhee) Lae 00903009 
ICL eGhed) {1 wo otcossro 
dtetercrs20) ¢ 4 200030rS 
dae viet 00004680 
Ur CyZedTee) vaed 20003809 
Wtectiet) «2 09003900 
12 eC12*1) 2 2 ocoos+e4 
trecyfet) © 20 o0cK«eoe 
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Tz © Cyzel) « 20 : 00008003 oata WMP ‘ g00008es 
00008010 ts 00008610 
GaINT20 CMe MZeUlodRoNe ToL oKRe T1072 eO8ea) oo00acss 2 00008615 
00008070 } 00008826 
EVZ0a + Benent 00008023 . 00008625 
AZTUAK 00008030 5 00008630 
end 00008035 7 
o0goacad 
Dooosoas 8 
SUBROUTINE PENNON CWeTNEANSE REO ZaeRSoNRATIOSET DOAN} 00004080 
ACA WRATIO 000080ss WORMNE AN 
; o000sea0 Ta uz 00008680 
Coe ecenvvneavennneerene ry 00000008088 2 © AL OGIOCFETOND 00008888 
¢ THIS SUBROUTINE CALCULATES THE UNCORRECTED PENWAX VALUE, oo0004~0T0 Lo ncase oooceato 
PIPYTTTTTETETITILTTILITITITIITITTTTTITITISTTITTTIL ISITE IPT ETE Terre ty 1) 10 IF C€x,0T.30) 00 TO 38 000048675 
00804080 Tien 0f008aa0 
ooocssas ized 
+ 0008090 00 0 30 
uzeuze ¢0008098 13 IF Cxe6T ST) GO TO 20 
FUDD gZFOC100U2/10000) 00008100 1ies 000048700 
ETIOWERN + C1 ,00M> oF UCCE RSE) 00008108 ize2 ooocaTas 
ACTUAN 00008110 1103000 ooooario 
tne : . 00008118 XZ 0 ST.0 : ooooarss 
§ 00008120 bo 10 30 ooo0arzo 
: 00008128 20 IF (X96E.64,0) GO TO 25 00008725 
SUGNOUTINE CONPEN CUOSTeUZReUMATIOONNMAXORSOET POETICS 00008130 toa Ooocatso 
DIMENSION COCMeMedobde THCZeZeZbe T2CZezPe THCZ? 00008135 Wze) ooooeT ys 
REO, NRATIO 00004340 WEOST LO ooooaTan 
00008185 XZ © 6400 ooooaras 
ete «000008150 Go 10 40 00008750 
TH1S SUQROUTINE INTERPOLATES THE COMRECTION FACTOR 00008155 a3 ile) ooocarss 
€ "Ere ONO CALCULATES THE COMMECTEO PENN LUEe Co0081 80 ize) oooo4sTad 
PIVTTITTITILIIIL TIL I TTL IITILTee aeeenenee 000008163 30 AF C1e6TeO440) GO TO 95 ooooaras 
ooooalto viet ooooarro 
oara ce ooooaiTs vZet ooooarTs 
J 7 0086009001 20001200 Oph be Delle 0eB20 008% ooooared Bo. 16:45 
2 1000680 o0ccasas 35S IF C106%.280,0) GO TO 40 
1 005 00008190 viet 
a 00620 OeT ede Bho de 00008198 4 ae 
3 100201, 08ele1 001 el Oe a rare 
a 008 2005820009Se1 6000 soe ceses 12 © 26040 0000asos 
? 0034009900 10000 10000 00008210 eo 10 33 00008610 
‘ Oedde Oodle Oe lhe Oebde 00008215 40 IF 106% .885,0) GO TO a5 . oooceass 
, 0090 0,9801,0501 0050 00008220 00008820 
4 ooooag2S oqoo4e2s 
a 00008230 
€ 000048238 
) 00908za0 oo 0 33 
e 00081000680 00008748 a5 IF CTe0E e000) Gf TO 50 
r 01005010050 00008250 vied 00008050 
8 #LeOZeleloe 00008258 dea oocoasss 
4 10020 1,060le100t e100 Tr) 11886500 ooooseac 
1 0 LeOlelelSele2Ze On The Oe Ze ledbe loi be 00008268 TZ © 10000 ooooabas 
d C) Oe9OeteOOe lode Op T9eOe POY ry oogoaato oo to $3 00008870 
n 3eQe 180906 oogoazTs 50 yi oo 
olel a 
‘ ae Soo aas 53 TF (2e8T,0.0) €0 To 20 
4 Teledie ooo08 Wied 
) aLeOlelelbeledt oooos zed 
conoasee oo to 80 
wort 00004 03 40 IF €2,0Te1e00} 00 TO aS 
WeUoaY 00004310 wise 
TaRHNAK ooooans W202 
ZeUnatio 00008320 2ie0 
cocoa 25 2291,0 
TLOENTCWsID oD 00008330 Go 10 80 
IF CilekGe0} S10} 5 00008335 43° 1F C2,0T.200} 08 TO TO 
fienis} 00008380 Wiez 
Pa thet 00008385 ‘ ze} 
IF C1RsEReS} 12048 00008)50 219120 
PCTLe6T,a) To & 00008388 _ be 200 
IFC11,€0,0) 11 0 f 00008340 00 10 60 : 
FaCio(wells/3e0 0000834 TO IF (2eGEe}e6) @o 10 1 
Prove hie te) med 00008370 wie) 
UF (duet ety Jed ooooasTs wea 
disgusd ed 000043480 
J2e sted 
Ip CUZeEGS) Zed 
Fate (Xes/ 300 1 00004095 
WKSINTET ZO) © 30 00008000 
AF (HME Oe) MHOdO 00008408 fo : 00005008 
KEonns}o ogoosaio ractedee oo00sor0 
KZ eo NS od ooocaass 206 : 00 
iF trace o8) N20) : 99008e20 AF CHLOMEONZy FACZOCZLOZID/ CL2OT1D sooesede 
Facpacronnds30,0 oo0gaa2s E tral DeMee erie gtemtet) atl e {HRP CA Le sheRBeLDSUMBEA Le LeweL}) 00008028 
Lueimrez> o0008as0 SCE ZIOMMPC pod zoel? «© Fac? © CKNPCLedZeNZeL IOMMPCiseJzeN10L3) 0000S0I0 
TF ChtelOeOd LLat 00008835 COZ LIOMMPCAZ TL eML OLD o FACE © CHNPCTZ, Jt oKZ ol DOMMPCIR JI QNEeh}} 00005039 
Lteuk COZeZPOKNPCLZeIZONLoL > © Facer © CHNPCTZoJZeMBoL DONMPCTZeJZeNL0L 3} 0000S0R0 
Leewutel IF CQLeMEos2) FACTOCTOTId/CrzeTED 000080488 
IPF (LZeEOeS) L208 OCideclteld « pact © Cochezvectiel}} 00003050 
ay utes OCRICCZe1) © FACT © COCReZIHCCZ01d) 0000 
ebherens 1F CAL eMEo12) PACKm (KOKI D/CKZONLD oooesece 
Py WHOOCLD © FACK « COCRIOOCIDD 0p0030as 
TACdedeD POCCEALe dL oMLeL LD «© FACRCCOCC ML eSLeNLoL ZISCCEMedtoNLeLs }I000088T0 ooooSoto 
TECLeLePISCCED De ILONZeL Ed © FACRCC ECC Me sLoMBoLSIOCC( Mtoe loK2el 1} 200008aTS Craenp o EPan oooosars 
TACLeZel POCCCALedZeNoL i) & ZoNLoL ZIP CCEMLedZoN10L1 3300008880 00008080 
TACLeZeZPOCCCModoMZolld o LZVOCOC Lo dZoNZ0b 13300008085 RETURN 00008088 
TICZoLeLPOCCCSZedtoMbeli? « ZIOCCOLZe Jie NLeL 132000 + Eno 00008090 
THC ZoheZIMCCEAAedLOMZeLI? © CCLZedLeNZeLt23000 00008095 
THCZ Zod POCCEUR AZ eRL oD) © FACACCEC CER e JZ oN LoL BIOCCCIP edz ONE ob 1200008500 00008100 
TCheded dele CIPSdDONELED . paceelECClPsJPcMZcURIOCCEIRsd2eNZeL4 2300008508 REAL FUNCTION ENTZ0 CiLelZoJloJZeNeToXlonZoTiotZeFen) 00003108 
TACLeMDOTICLedet? © FACPOCTACHoloBdeviCheled dd 00008510 ¢ heseneens, Aon neceevanenveneaeeennneene sQ000SI10 
TAC LeDIOTICSe Zod? © FacvecriChezeZoric peel dd 00008538 € FUNCTION PERFOR 4 Two OCLMENSTONaL CN TERPOLATION 00008115 
T2LPoLPOTACZoLold © FACEOCTICZ oboZdoTACRol el dd o000asz0 ¢ OM THE TABLE FEO TO 17, $f ONO J ARE THE MUNBEREO POSITIONS 1m 00003120 
TACZeZ ATIC Ze Zedd © FACIOCTACZoZeZI9T1 (2ezel dd 00008525 ‘ une paste ne at vetuts ts - INTEAPOLATES rau BETWEEN: 00008125 
THCADOMRCL OLD & FACZOCTRC LoD IeTRCLeL dD? 009045}0 Rho Age ey WE VALUES IN TH € TABLE av THE f 00005130 
TEEPE Serre Satie eet ES 00008595 ¢ Ano J POINTS, KANO T ARE TRE COOROINATES OF THE VALUE To  docosi}5 
TasTocad © FacrecTacader yc dy 00008580 ¢ OE INTERPOLATED, F 18 THE ACU, TeaLEe ano WIS ITE FIRST =~=—0O00SI40 
cera 3 0000asas € OINENSION, 00005145 
Cee eee nee nean enna n eh OntOOHeH een HenenHHAn teh Ae Heh Hera rnnaeH ane rarene ne ne Q000SIS0 
EVI CaETICC DIMENSION FCMelD 00005188 
actuns FACK2000 00003140 
no Fatreo,0 | 00005145 
o@g08sT0 1F CAL eMEe 12> FOCMac Rens rscuReudd o0008ITO 
ooooasTs CLOFCALe gid © Fate © COCEZIIIOF Ce gtdD 00005118 
AVEROUTINE CTPAN COPANO URAANNEANOFETCNeNCASE SE TAD CROFCLLes2Y © PACK © COCLRAIZIOF CLL edzdd 00005180 
CIMEWSION COzeZde OCB) IF CJLMEodRD FaCTocrersd/crzeTId 00005185 
ACAL KPo NNMCPe be bed? ANTZ00C1 © Fact © (C2eCi) 00005190 
Coe ose onane RETURN 00005188 
tno ' 00008200 


Ceeeeeenveneneneaneeene 
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Copy OF INPUT DATACCOL, BY COL.) OF EXAMPLES FOR TESTING NEW PUNCHEO PROGRAM AT A GIVEN COMPUTER, 


COLUMN 1080 OF tN put CAR CARO LOENTIFTCATION 


os 
12345678901238567890123856789012385678901 23856789012 395678901 2345678901238567890 


BRAWLEY CALIF #3100 33.0N 2,0 MEAN LONG-TERM RECORD at 
38.6 .017 25,4F Si t12 T in OF; U in M/hr; Re in Ly/day; a2 
" i 1 1 1 1 : Ep in in/day a3 
Bc 01100 di 70 40 33 206 085 «(307 0121 1406 aa 
200. , 8 a 
Bc 0700000 74 +43 35 402 087 «399 0179 «1,5 aa 
Ac o¥0doa1 79 a7 35 4e2 090 «386 0264 «1,43 aa 
5. A as 
Bc ofdooo0 8687 SSS 37 ae? 095 «621 0368 143 aa 
Bc 00 0/00\0 94 61 a? $02 095) 683 0466 1,2 aa 
BC OG00I00 104 68 53 ae} 97) «6715 2523) 1.2 aa 
Bc O70N00 108 77 57 4.0 287 «685 0503 1,2 aa 
AC omonod 106 76 58 a0 286A 604 0464 1,2 aa 
Bc o%0000 105 71 Sa 303 093 536 2400 1,3 a4 
Ac 1 ee 94 60 46 204 090438 0269 «1,5 Aa 
Ac 110Q00!1 79 46 43 205 083 326 0165 1,8 ‘aa 
200. 8 as 
Bc 12100000 72 40 36 200 082 283 e112 1.8 aa 
AL ANK 
OAVIS CALIFORNIA. 17.038.5 N 220 1010, DAILY DATA, OCTOBER 1960 al 
1.0 1.9 120 4,0C Cr or or | T in %; U in km/day, Rs, Rn & A2 
1 1 1 1 t Ep in equiv, mm Evap. Aa 
NC 1001601 25.6 14.4 9.0 100 35 000 0 169 0600 0.00 7.24 3.21 032 1.20 aa 
, 5 
2401 &.3 0.90 100 32 020 0 121 0.00 0.00 7.21 3.18 4.57 1.20 ia 
2407. Ge4 O40 100 21° 000 % 238 0.600 0.00 7.19 3011 5033 1420 aa 
2667 1167 20 100 16 000 0 7a 4.00 0.00 7.2% 3.14 3.30 1470 aa 
2708 1167 - 0.0 100 43° 0.0 0 229 0.00 0.00 4.42 2611 1678 1.20 aa 
2369 8.9 0.90 100 $1 0.0 a 268 0.00 9.00 4.50 2.04 3.81 1.70 a4 
2309 8.3 O.0 82 4&8 020 0 239 0.00 0.00 5668 2660 3630 1470 aa 
2202 1167 040 a2 23° 000 Q 729 0.00 0,00 7.45 267312045 1470 aa 
21.) 12.8 0.90 41 23 0.0 0 647 0200 0.90 7,50 2072714.22 1.70 aa 
19.@ 369 0.0 100 33 040 0 155 9.00 0.00 3.50 1.39 3681 1.70 aa 
2601 3.3 0.0 loo 33 0.0 0 101 0200 0200 6646 3.09 2679 1220 aa 
2107 bel 000 63 35 0-0 0 7 0200 0.00 6653 3e16 2079 1270 aa 
2208 6.7 060 S$? 29 Qen 0 157 0.00 0.00 5e44 2427 3.81 1420 aa 
2526 §.6 0.0 va 20 0-0 0 413 4.00 0,00 7208 20679 9265 14220 a4 
27.8 8,3 0290 55 18 0.0 0 437 0.00 0.00 6431 1.66012-70 1220 aa 
2904 5.0 0.0 76 24 0-0 0 123 0.00 0200 64.73 2639 8606 1470 Aaa 
28.3 3.9 009 100 28 000 0 119 7600 9200 6632 2027 4206 1.70 a4 
24.4 5.0 0.0 100 26 000 0 152 1.00 0600 64622 2629 3630 1470 a4 
2506 506 O60 82 28 O40 0 72 0600 0.00 S78 2660 2079 1070 aa 
2752 7.8 000 a7 2a 0-0 0 66 02900 0.00 5e78 2685 3630 1220 a4 
27.8 8.3 0O.0 100 20 0.20 0 85 9.00 0600 5620 2652 2429 1.20 aa 
‘28.9 10.0 0.20 100 40 000 9 169 0600 0600 $664 2642 4632 1.270 aa 
2202 768 O80 100 40 Q.0 0 188 0600 04600 5690 1691 3630 1470 aa 
ed Fe a > 3 000 0 143 9.00 0.00 5.93 2665 3208 1.20 a4 
ee He As rs 020 0 238 0.00 0.00 $.95 2.01 3-05 1270 aa 
\ ° 16 0.0 Q 54a 0,00 0600 Se7AM 2601 80648 1470 a4 
NC 10271600 23463 15.6 0.0 68 21° 060 0 371 00 5 
ne 10,2814 28.7 5.0 ; 76 Oo 0.00 042 1268 8.68 1.270 a4 
1 ° Oe 19 0.0 0 328 0.00 0.00 5Se71 14686 7637 1470 a4 
a emee 2607 S60 060 73 22 “000 0 169 0600 0.00 Se7!1 2001 5059 1420 a4 
600 2768 7%e2 O60 76 22 000 o 86S 
0c 1031160 28.3 7.8 0 18 199600 0.00 5.42 2,37 2003 1220 a4 
) ry Oe 24 020 0 81 0.900 0.00 5.27 2630 3-08 1.70 a4 
OavIS CALIFORNIA, 17.038.5 - Anta! 
Te Cae oases cee se : Ps 209 1010, 10-DAY MEAN DATA al 
ged ted aed ied! i 
ae 1 On gawd 1Cel 86 35 287 6620 2662 5069 1620 aa 
DC 1011600 2569 5.7 78 i 
Be Vee SE ORC Neos soe 213 Siss esiacer ieee - 
. . . 020 a4 
DAVIS CALIFORNIA, oe 
ee pe meen eae As 2.0 1010, MONTHLY MEAN DATA al 
: aise t 1 1 1 i 
C1 oh 25.2 8 A 
a00.8 joo So 29 223 6602 20642 5008 1620 aa 
aS 
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STATION © BRAWLEY CALIF 
ALTITUDE IN METFRS @ 231.0 FACTOR FOR CONVERTING ED OATA TD MELLIBARS ®& 0,000 
LATITICE IN DEGRFES * 33.0 FACTOR FOR CONVERTING RS DATA TO MW/DAY = 0.017 
HEMISPHERE = N FACTOR FDR CONVERTING EPAN OATA TO MM/DAY = 25,800 
WEIGHT OF WIND MEASUREWENT IN METERS @ 2.00 TEMPFRATURE OaTA IS GIVEN IN DEGREES t F 
MEAN PRESSURE FOR THE YEAR IN WELLIBARS = 1016.6 SUNSWINE/CLOUDINESS FLAG * 3. 

A 000000000000 00 00 e Oe ee oe Pet ee reewcccetccccscccesccces PELATIVE MUNTOITTY OATA 1S 8 ACTUAL CATA 
FACTOR FOR CONVERTING 24HR WIND TO KH/DAY # 38.600 WINO DATA TS § ACTUAL DATA 
FACTOR FDR CONVERTING OAYTIHE WIND TO M/SEC © 0,000 SUNSHINE DATA ¥§ & “ACTUAL PATA (FOR n/N ) 


errr rrrrrrrrrrr rrr rir rrr rrr err eee rere ree 


CLIMATOLOGICAL DATA &S REAM IN WITHOUT CANVERSIDN 


OATF CH/D/Y) THAX THIN TOEW RMMAX RMMIN En UDAY u24 SUNHRS WRATIO SOLRAD RN EPAN uraTin 
°F a an A Ly/day : In/day 
VALUES CF FETCH 200,00cASE 8 
1/ 07 0 70.0 40.0 33.0 0 4 0.9 0.0 2.6 0.00 0.85 307.00 0.00 0.12 1.60 
2/ 07 0 74.0 43.0 35.0 0 o- 0.9 0.0 4,2 0.00 0.87 399.00 0.00 0.18 1.50 
VALUES DF FETCH 5.00eCASE A. . : 
3/07 0 79.0 47.0 35.0 ) ) 6.0 0.0 4.2 0.00 9.90 386.00 0.00 0.26 1430 
a/ os 0 67.0 55.0 37.0 0 9 0.0 0.0 4.7 0.00 0.95 621.00 0.00 0.37 1.90 
5/ 0s 0 94.0 6120 47.0 0 ) 0.0 0.0 5.2 0.00 0.95 683.00 0.00 0.47 1,20 
6/ of 0 104.0 68.0 53.0 0 0 0.0 0.0 4.3 0.00 0.97 715.00 0.00 0.52 1.20 
7/07 0 108.0 77.0 57.0 0 0 0.0 0.0 4.0 0.00 O.a? 645.00 0.00 0.50 1,20 
8/ of 0 106.0 76.0 58.0 ) 0 0.0 0.0 4.0 0.00 O88 606.09 0.00 0046 1420 
9/ of 0 105.0 71.0 54.0 0 ) 0.9 0.0 303 0.00 0.93 536.00 0.00 0.49 1.230 
10/ 07 0 94,0 60.0 46.0 0 ) 0.9 0.0 268 0.00 0.90 438.00 0.00 0.27 1.50 
VALUES OF FETCH 200.00-CASE B ; 
11/ 07 0 79.0 46.0 43.0 0 0 0.0 0.0 2.5 0.00 0.83 326.00 0.00 0.17 9.80 
12/ 0/7 0 72.0 40.0 36.0 0,” 0.0 2.0 0.00 0.82 283.00 0.00 O11 1.80 
OO OOOO OF OOO OS OOF OS FOES OS OFS TES OBES OS ESOS S ESOS ESOS ESOS ESOS SESS OES OOS OS SOT ESOT SSSOTESCSESC ESET FES SSSECSSSCECESCESSESES YZ CS 
CLIWATOLOGICAL OATA FOR MONTH AFTER CONVERSION 
OO OO OO OOS OOS OF OOS OEE OO TEE F SFOS OO OS ORO SOS OSES OSES OSE OOS OS OSES OSES OS OS OSES OOF ESOS SSF OS 0005S OF SSS CC SETS TESTES FOO SEEESS 
OATE cuMOY) THAX THIN THEAN TOE W RAWAX RAWIN RWWEAN Ea Eb uDAY U2@ SUNMRS WRATID SOLRAD RN EPAN URATIO 
oC °C ¢ mb mb m/sec km mm mm UR 
VALUES OF FETCH 200,00-CASE B 
1/ o/ 0 2161 4.4 12.8 0.0 76 25 $1 14.8 6,4 1.4 100-4 0.00 0.85 5.2? 1.27 3.07 1.60 
2/ 0/ 0 23.3 6e1 34.7 0.0 13 28 a9 16.8 6.9 203 16201 0.00 00a? 6,78 2097 4.55 1.50 
VALUES DF FETCH 5.00eCASE A . 
3/ 0/0 2661 8.3 17,2 060 63 20 42 19,7 669 2.1 16261 0.00 0.90 6.56 2.02 6e"1 1.30 
a/ ov 0 3066 12.8 21.7 0.0 51 17 3a 25.9 7.8 204 181-4 0,00 0.95 10.56 e775 9.35 1230 
5/ 0/ 0 3404 1661 25.3 0.0 60 20 §o 32.2 1120 205 200.67 0400 0.95 11,61 Ser? 11.84 1620 
4/ 0/ 0 80.0 20.0 30.0 0.0 59 19 a9 42.4 1367 2et 16660 0.00 0.97 12.16 6.71 13.28 1.20 
t/ af 0 4262 25.0 33.6 0.0 50 19 35 52.1 1569 1.9 154.4 0.00 0.87 10.97 5.65 12.78 t.20 
a/ o/ 0 4161 24,4 32.8 0.0 5a rz) ar 49.7 16.5 1.9 154.8 0.00 “0688 10.30 5.20 1te?9 t.20 
9/ of 0 4066 21,7 316! 0.0 55 19 Rg 45.2 14.2 167 127.4 0.00 0.93 9.11 4.na 10616 1.30 
10/ 0/7 0 34.4 15.66 25.0 0.0 60 19 40 3167 «81066 1.3 92.6 0.00. 0.90 7,45 2675 6.83 1.50 
VALUES OF FETCH 200,00eCASE 8 . : 
11/ 0/ 0 2661 768 16.9 0-0 a9 28 59° 19,3 Deh, 104 9665 0.00 0.83 5.54 1.70 eld 1480 
12/ 0/7 0 2202 aa tag 0.0 a5 ar 56 15.3 7.2) . 401 7722 0.00 0.82 4,81 1.10 20A4 “4.80 
Pry rTrrrrerrrrerrerrr reer ree eer ld 
RESULT OF ET ESTIMATION RY VARIOUS HETNOOS FOR WONTH, nm/ia- 
ecw cece cet cc cece ccc cece wee cect cette weer eee ees aese tees sete ee seen easasasereeseweserassnasassraranassrarseresrerenee ee 
MONTH/DAY/YEAR ALANEY © RADIATION PENKAN CORR« PENe EYPAN 
/ 9 2.816 22672 26669 2.509 1,867 
7 te 3.654 3.903 40132 3.968 2.647 
3/0719 0 4.963 Geli 4.a75 - wear? 4.368 
a/ 0/19 0 6.956 7.661 7.505 7.237 S767 
5/ 0/19 0 8.386 6.77e ‘ a.7ay eer7s 7.510 
6/ os19 0 10,042 96681 90321 9.4399 8.498 
1/ 0/19 0 10,140 9.110 9.250 9.00! 8.021 
a/ os19 0 9.263 8.394 Oe617 6.447 T5199 
9/ Os19 0 8.222 7.186 ‘ 7.139 7.017 6.542 
10/ 0/19 0 5.76 5.248 4.910 4.785 4.537 
11/ 0719 0 3.403 3.020 2.954 2096? 2.673 
12/ 0/19 0 2.558 2037} 2.223 2.208 1.797 


MONTH AVE $2359 6.011 $2990 S.ara 3.145 


oo oo 000 00 008 00 08 0000000000 08 eS ee en eee Sees esseresess case ssessesesesesesaszaasesesransscoesarsaserroonnsene 
wowceee 
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ww OOO 0 800 eo 8888 eS O8 OBESE OSES DOSS SESS OOS S ESTE SOT OE OES T EOS ESHS SST EH SOLO OA SEDSSEH SE SET SS OESSONASSS EHS THEEDT OES 


STATION =» OAVIS CALIFORNTA, FACTOR FOR CONVERTING EO OATA TO NILLIGARS & 1,000 
ALTITUDE IN NETERS # 17.0 FACTOR FOR CONVERTING RS OATA TO #¥/OAY o 1.000 
LATITIOE 1% OEGREES = 18.5 FACTOR FOR CONVERTING E€PAN DATA TO wM/OAY @ 1.000 
HENYSPNERE « WN TEMPERATURE OATA IS GIVEN IN OEGREES + ¢ 

HEIGHT OF WINO NEASUREWENT IN NETERS & 2.00 SUNSHINE/JELOUCTNESS FLAG ® 5 
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CLINATOLOGICAL OATA FOR MONTN AFTER CONVERSION 


OATE cwOyY) TNAX THIN TYEAN TOEW RHNAY RHMIN RNMEAN ca Fo Uday U2a SUNNRS NRATIO SOLRAQ RN EPAN URATIO 
VALUES CF FETCN  200,00,caSE A 
10° 1/60 28.6 18.4 20.0 0.0 100 13 6A 2308 1568 201 169.60 0.00 0679 7.28 3091 4.32 tego 
10/ 2/60 2601 «843 1762 060 100 12 66 1906 13.0 169 .121.0 0.00 0.80 7.21 3.18 ~ 6257 4.20 
10/ 31/60 26.7 9.4 18.1 0.0 100 ra) 61 2067 1268 140 258.0 0.00 0.80 7,19 3.11 $.33 1.20 
10/ 8/60 2647 11.7 19.2 020 100 16 68 22.3 15.1 0.9 78.0 0.60 0.83 7.28 3.18 31.10 1.20 
10/ 5/60 27.8 11.7 19.8 0 100 aa 72, 23.0 16.5 249 229.0 0.09 0.11 4.82 2011 1.78 1.20 
107 6/60 23.9 8.9 16,4 0.0 100 51 76 1807 180 304 268.0 0.00 0.38 4.50 2508 1.81 1.20 
107 7/60 23.9 M3 16.1 0.0 82 as 65 1863 1469 1.0 239.0 0.00 0.54 5.68 2.40 3.30 | «9420 
10/ 8/60 2202 11.7 17.0 900 a2 23 331942 Ge 942 729.0 0.00 «0.91 «= 7065 2073) 12085 1.20 
10/ 9460 2401 12.8 17.0 000 “4 23 32° 19.3 602 802 68720 0.00 0.93 7.50 2472 18.22 1.20 
10/10/60 19.8 3.9 [1.7 0.0 100 a 67 (1367 Gel 2.0 995.0 0.00 0.17 3.50 10:39 deny 1.26 
10/11/60 26.1 «3.3 18.7 060 100 r 67 1667 40 $03 108260 0.00 0.75 6,86 3.09 2.79 41.20 
10/12/60 2167 «6.1 1349 900 Ad 15 59 15.9 908 140 7700 0.00 047A 6.53 1016 2479" 1.20 
10/13/60 2268 6.7 14.8 0.0 57 29 4116.8 «7.2 2.0 157-0 0.00 0.58 5.44 2.22 rs) 1.20 
10/18/60 25.6 «5.6 15.6 060 18 20 20° 17.7) 5.2) $22 893920 0.00 0.91 7.05 2099 9.65 1.20 
10/15/60 2708 8.3 18.1 060 55 18 1720.7 = 746 505 83700 0.00 0.77 4431 1 ehO = 42070 1.20 
10/16/60 29.8 «=95.0 17.2 040 76 28 50 19.6 9.8 1.6 123.0 0.00 0.87 6.71 7.39 4.06 1.20 
10/17/60 28.3 3.9 16,1 0.0 100 28 6a 18.3 F167 1.5.199.0 0.00 0.89 6232 2,27 errs 1.20 
10/18/60 28.4 «©6540 18.7 020 = 100 26 61 16.7 10.5 149 1922.0 0.00 0.79 6.22 2299 1.30 1.20 
10/19/60 25.6 $2.6 15.6 060 82 2a S10 17.7 9.8) 0.9 72.0 0.00 0.7 5.78 2260 2.79 1.20 
10/70/60 2762 «7.8 17.5 000 ar 2a 56 20.0 11.8 068 66.0 0.00 0.72 5.78 2285 1.40 t.20 
10/21/60 2708 «8,43 16.1 0-0 100 20 60 20.7 1268- 0.6 8520 0.00 9.60 5.20 2.52 2.29 1.20 
10422760 28.9 10.0 19.5 0.0 100 40 i) 22.6 1528 221 16940 0.00 o.71 5.68 2.42 a.12 1.20 
10/23/69 22.2 7.8 $3.0 O60 100 40 To 1741) 1269 0 208 188.0 0.00 0.78 $5.90 1.91 1.30 1.20 
10/24/60 2202 3.6 13.9 000 oa 15 65) 15.9 1003 168 183.0 G.00 0.79 5.93 2.68 1.05 1.20 
$0/29/60 2463 11.1 1722 000 42 23 aa° 3.4 3,0 238.0 0.00 0.81 5.95 2.01 1.05 1.20 
10426760 24-1 13.3 17.2 0.0 12 16 2a 4.7 6.9 588.0 0.00 0.79 -$,78 2.01 8-68 1.20 
10/27/60 23.3 19.6 19.8 020 68 a 43 22.6 10.1 8.7 379.60 0.00 0.72 3.42 1268 8.68 1020 
10/28/60 26.7 5.0 19.9 060 76 19 48 18.0 866. 09 128.0 0.00 0,80 «S.71 1h 7.97 “4420 
10/29/60 2607 $.0 15.9 000 74 22 48) 1840 846 261 16920 0.00 «0689 54712 5.59 1.20 
10/30/60 27.8 7.2 1745 000 76 22 49 20.0 928 = 006 S140 0.00 «0675 «54822097 2.03 1.28 
10/31/60 28.3 7.8 18.1 020 78 24 S10 2047 1966 1.0 81.0 0.00 6.73 3.27 2.30 3.95 1.20 
ee OO OOOO NOOO OOS O 888 OO FOS TOTO ONO 88S 8N ee eRe NOLO URE SOS O NB een eee t es enaeOsanseenetsccenene 
RESULT OF ET ESTINATION By VARIOUS NETNOOS FOR NONTN , mn/Jay 
APeea seen cwwswwcccecwccswenencsasecewwcccwec ccna escessesecc ccc cccecccwenscceeuscenencasccquscteceseuacacunacetenaanece 
4 
MONTH/OSY/YEAR BLANEY RAQTATION PENNAN COAR. PEN. erpax 
10/7 1/1960 4.568 aoraa . 
107 271960 2.979 1.887 ers tage: Jeane 
10/ 1/1960 5.999 a.278 ‘ vers 
107 8/1960 3-923 1508 4058 erry) ast 
107 5/1960 1.244 2.167 1.294 Ata oath 
10/ 6/1960 2068 ead ays 2.939 1nd 
10/ 7/1960 3.069 3.070 3.787 taza Hee ‘ 
107 4/1960 6.224 $2721 132684 7 oas oe 
107 9/1960 6.100 5 .AT? e188 ; 510 
10/10/1960 1.940 1.808 ayaa sere 7.726 
10/11/1960 Ys472. 3.195 oe 1.980 d.077 
10/12/1960 2.922 1.105 1.182 fine arty 
10/11/1969 10938 42150 ites 1.189 2.281 
10/14/1960 5.109 aoa 7.892 dupe 22835 
10/15/1960 5.066 alsye ee 5.198 6.048 
10/16/1960 acosa. Tas eee 5.483 8.072 
10/17/1960 1.572 y 3054) 16162 
10/18/196 neat 2.842 20871 3 
0 1.508 1.230 10028 eit 
10/19/1960 2.183 1.008 So 2.975 2-633 
10/20/1960 3.882 1.177 32070: ae08s 2.233 
10/21/1960 . 4.302 2.763 atsas 3.288 2.674 
10/23/1960 601 3.089 add a039 tears 
10/23/1960 3.099 2,988 aetes 30232 doast 
10/28/1960 2.965 2.959 2. 2.573 2.6489 
10/25/1960 4.254 alos a eee 3.007 2.048 
1072671980 eae er amas 4.2358 2.008 
10/27/1960 4.924 arya teen o 3.180 3.028 
10/28/1960 asaya 12582 6627) 4.985 5.851 
1072971960 alr 4446 3.185 4.406 S.t7A 
10/30/1960. 1.297 rey 1.792 3.507 4,227 
1073171940 1.416 2.999 a 2.956 1.598 
:. 32201 10122 20498 
OO OOOO HOBO e OREO Sw Te TES eee tc cnc eet eesecccceseonesvocce 
* ot ee ere ww wren sewwccrenccercccccusctansconcs pacensetsucccean 
WONTN ave a) 
1.896 1,527 4056) 1.781 ware 


133 


ladle aac alata taeda daletatteteetetet eh tehehedetelatetel ttt ttt dtl delet tetetetakeetotateeteiataiaked dete dd det de Le 


STATION = Savis CALIFOANTA, 
CLIMATOLOGICAL MATA FOR MONTH AFTER CONVERSTON 
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CLIMATOLOGICAL DATA FOR MONTH AFTER CONVERSTON 
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APPENDIX IV 


GLOSSARY 
(as related to text) 


ACTUAL CROP EVAPOTRANSPIRATION, ETa(crop): rate of evapotranspiration equal to or smaller 
than predicted ETcrop as affected by the level of available soil water, salinity, field size, or 
other causes; mm/day 

ACTUAL VAPOUR PRESSURE, ed: pressure exerted by water vapour contained in the air; millibar 

ADVECTION, horizontal transport of sensible heat by air movement as for instance from large, dry 
fallow surrounds into irrigated areas 

ALLOWABLE SOIL WATER DEPLETION, p.Sa: depth of soil water in the root zone readily avail- 
able to the crop for given soil and ¢limate allowing unrestricted evapotranspiration as the 
fraction p of total available soil water between field capacity (Sfc) and wilting point (Sw); mm/m 
soil depth 

AVAILABLE SOIL WATER, Sa: depth of water stored in the root zone between field capacity (Sfc) 
and wilting point (Sw); mm/m soil depth 

AVERAGE INTAKE RATE: rate of infiltration of water into the soil obtained by dividing the total 
depth of water infiltrated by the total time from start to finish of water application; mm/hour : 

BASIC iNTAKE RATE: rate at which water will enter the soil when after initial wetting of the soil the 
rate becomes essentially constant; mm/hour 

CANOPY INTERCEPTION: depth of precipitation caught and held by plant foliage and lost be evapora- 
tion without reaching the ground surface; mm or sometimes percentage of rainfall 

CLOTHESLINE EFFECT: horizontal heat transfer (advection) from warm and dry upwind area to a 
relatively cooler crop field resulting in increased ETcrop; particularly refers to the field border 
effects orto patchwork of small interspersed fields 

CLOUDINESS: degree of cloud cover, usually mean of several observations per day; expressed in 
oktas (in eighths) of sky covered, or in tenths of sky covered 

CONTINUOUS SUPPLY: method of water delivery with continuous but often variable discharge in 
water distribution system up to inlet of individual farm or field 

CONVEYANCE EFFICIENCY, Ec: ratio between water received at the inlet to a block of fields and 
that released at the projects headworks; fraction ; 

CRITICAL PERIOD: periods during crop growth when soil water stress will have a lasting effect on 
crop growth and yields F 

CROP COEFFICIENT, ke: ratio between crop evapotranspiration (ETcrop) and the reference crop 
evapotranspiration (ETo) when crop is grown in large fields under optimum growing conditions, 
or ETcrop = kc. ETo; fraction 

CROP EVAPOTRANSPIRATION, ETcrop: rate of evapotranspiration of a disease-free crop growing 
in a large field (one or more ha) under optimal soi! conditions, including sufficient water and 
fertilizer and achieving full production potential of that crop under the given growing environment; 
includes water loss through transpiration by the vegetation, and evaporation from the soil surface 
and wet leaves; mm/day 

CROPPING INTENSITY: for a given period the percentage of the total scheme area which is under a 
(irrigated) crop; percentage ; 

ae PATTERN: sequence of different crops grown in regular order on any particular field or 
ields 

CROP WATER REQUIREMENTS: depth of water required by a crop or a diversified pattern of crops 
for evapotranspiration (ETcrop) during a given period; mm/day as average for given period 

DAY LENGTH FACTOR, p: percentage p of total annual daylight hours occurring during the period 
being considered; percentage : 

DESIGN FACTOR, : ratio between canal capacity or maximum discharge in m®/sec and the maximum 
gov step requirements during the peak water use period in m3/day, or & = 86400 Omax/ Vmax; 
raction 

DEPTH OF IRRIGATION , d: depth of irrigation, including application losses, applied to the soil in 
one irrigation application and which is needed to bring the soil water content of root zone to field 
capacity; mm 

DEVELOPMENT STAGE: for a given eee the period between end of initial (emergence) stage and full 
ground cover or when ground cover is- between 10 and 80%; days 

Cierny Often aul aa ue eee cea 

: condense; degree Celsius 

DISTRIBUTION EFFICIENCY, Ed: ratio of water made directly available to the ane and that 
released at the inlet of a block of fields; Ed = Eb. Ea; fraction 

EFFECTIVE FULL GROUNDCOVER: percentage of groundcover by the crop when ETcrop is 
approaching maximum - generally 70 to 80% of surface area; percentage 

EFFECTIVE RAINFALL, Pe: rainfall useful for meeting crop water requirements; it 
excludes deep percolation, surface runoff and interception; mm/period 


- 135 - 


EFFECTIVE ROOTING DEPTH, D: soil depth from which the full grown crop extracts most of the 
water needed for evapotranspiration; m 
ELECTRICAL CONDUCTIVITY, EC: the property of a substance to transfer an electrical charge 
(reciprocal of resistance). It is measured in ohms of a conductor which is 1 cm long and 1 cm ; 
electrical conductivity is expressed as the reciprocal of ohms/cm (mhos/cm);1mhos/cm = 1 000 
mmhos/cm;lmmhos/cm = 1 000 amhos/cm : 
ELECTRICAL CONDUCTIVITY, IRRIGATION WATER, ECw: is used as a measure of the salt content 
of the irrigation water; mmhos/cm 
ELECTRICAL CONDUCTIVITY, MAXIMUM, ECmax: is used as a limit of the salt concentration of 
the soil saturation paste (ECe) beyond which growth would stop (zero yield); mmhos/cm 
ELECTRICAL CONDUCTIVITY, SATURATION EXTRACTS, ECe: is used as a measure of the salt 
content of an extract from a soil when saturated with water; under average conditions ECe = 
1.5 ECdw and also is approximately half the salinity of the soil water to which the crop is actually 
exposed in the soil, mmhos/cm 
EVAPORATION, E: rate of water loss from liquid to vapour phase from an open water or wet soil 
surface by physical processes; mm/day ; 
EVAPOTRANSPIRATION: rate of water loss through transpiration from vegetation plus evaporation 
from the soil; mm/day 
EXTRA-TERRESTRIAL RADIATION, Ra: amount of solar radiation received on a horizontal at the 
top of the atmosphere; equivalent evaporation mm/day 
FIELD APPLICATION EFFICIENCY, Ea: ratio of water made directly available to the crop and that 
received at the field inlet 
FIELD CANAL EFFICIENCY, Eb: ratio between water received at the field inlet and that at the inlet 
of a block of fields; fraction 
FIELD CAPACITY, Sfc: depth of water held in the soil after ample irrigation or heavy rain when the 
rate of downward movement has substantially decreased, usually 1 to 3 days after irrigation or 
rain; soil water content at soil water tension of 0.2 to 0.3 atmosphere; mm/m soil depth 
FIELD SUPPLY SCHEDULE: stream size, duration and interval of water supply to the individual 
field or farm 
FIELD WATER BALANCE: sum of all gains and losses of water over a given period of time; mm/period 
FLEXIBILITY FACTOR, C: coefficient greater than one to account for fluctuations in water supply in 
excess of those determined for an assumed cropping pattern and cropping intensity 
PULL GROUND COVER: soil covered by crops approaching 100% when looking downwards 
GROUND COVER: percentage of soil surface shaded by the crop if the sun were directly overhead; 
percentage : 
GROUNDWATER TABLE: upper boundary of groundwater where water pressure is equal to atmos- 
phere, i.e. depth of water level in borehole when groundwater can freely enter the borehole; 
cm below soil surface 
GROWING SEASON: for a given crop the time between planting or sowing and harvest; days 
INITIAL DEVELOPMENT STAGE: for.a given crop the time during germination or early growth when 
ground cover is less than 10%; days 
INITIAL INTAKE RATE: rate at which water will enter the soil when water is first applied; mm/hour 
IRRIGATION INTERVAL, i: time between the start of successive field irrigation applications on the 
same field; days ; 
IRRIGATION REQUIREMENTS: depth of water required for meeting evapotranspiration minus contri- 
bution by effective precipitation, groundwater, stored soil water, required for normal crop 
production plus leaching requirement and water losses and operational wastes, sometimes called 
gross irrigation requirements; mm/period 
LATE-SEASON STAGE: time between the end of the mid-season stage and harvest or maturity; days 
LEACHING EFFICIENCY, Le: fraction of the irrigation water applied for salt control (leaching) which 
was effective 
LEACHING REQUIREMENTS, LR: fraction of the irrigation water entering the soil that effectively 
must flow through and beyond the root zone in order to prevent salinity build-up. This value is the 
minimum amount of water necessary to control salts; fraction 
LEVEL OF SUPPLY: selected water supply on the basis of probability to meet crop irrigation require- 
ments 
MAXIMUM NUMBER OF BRIGHT SUNSHINE HOURS, N:: number of bright sunshine hours for a 24- 
hour day with no cloud cover; hours 
. METHOD OF SUPPLY: method of operating an irrigation system to convey water from the source of 
supply and to distribute it according to crop requirements to each field served by the system 
MID-SEASON STAGE: for a given crop the period between effective full ground cover and the onset 
of maturity (i.e. leaves start to discolour or fall off); days 
NET IRRIGATION REQUIREMENT, In: depth of water required for meeting evapotranspiration minus 
contribution by precipitation, groundwater, stored soil water; dges not include operation losses 
and leaching requirements; mm/period 
NET LONGWAVE RADIATION, Rnl: balance between all outgoing and incoming longwave radiation; 
almost always a negative value, equivalent.evaporation mm/day 
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NET RADIATION, Rn: balance between al! incoming and outgoing short and longwave radiation; 
Pas Pus + Rnl; equivalent evaporation mm/dav 

NET SOLAP RADIATION, Rns: difference between shortwave radiation received on the earth's surface 
ari that reflected by the soil, crop or water surface; equivalent evaporation mm/day 

OASIS EFFECT: effect of dry fallow surrounds on the micro-climate of a relatively small acreage 
=f land where an air mass moving into an irrigated area will give up sensible heat. For small 
fields this may result in a higher ETcrop as compared to predicted ETcrop using climatic cata 
coliected inside the irrigated arca,; conversely ETcrop predictions based on weather data coll- 
ected outside the irrigated fields may over-predict actual evapotranspiration losses 

OSMOTIC PRESSURE: equivalent negative pressure to which water must be subjected to bring 
the saline soil water through a semi-permeable membrane into static equilibrium with pure water; 
atmesphere 

PAN CCEFFICIENT, kp: ratio between reference evapotranspiration ETo and water loss by evap- 
oration from an open water surface of 2 pan or ETo = kp x Epan; fraction 

PAN EVAPORATION, Epan: rate of water loss by evaporation from an open water surface of a pan: 
mm /day 

PTAK OK MAXIMUM SUPPLY, Vmax: average daily supply requirement during the peak water use 
period for given crop or cropping pattern and climate; m /day 

PEAK SUPPLY PERIOD: water use period for a given crop or cropping pattern during the month or 
period therecf of highest water requirements; mm/day 

PLANT POPULATION: number.of plants per unit of crop area 

PRECIPITATION: total amount of precipitation (rain, drizzle, snow, hail, fog, condensation, hoar 
frost aml rime) expressed in depth of water which would cover a horizontal plane if there is no 
runoff, mfiltration or evapotranspiration; mm/day 

PROJECT EFFICIENCY, Ep: ratio between water made directly available to the crop and that 
released at project headworks; Ep = Ea. Eb. Ec; fraction 

PSYCHROMETER: device to measure air humidity; normally consisting of two standard thermometers, 
one of whose bulb is surrounded by a wet muslin bag and is called wet-bulb thermometer; both 
sheuid normaliy be force-ventilated and shielded against radiation (Assmann type) 

READILY AVAILABLE SOIL WATER, p.Sa: depth of soil water available for given crop, soi] and 
climate allowing unrestricted evapotranspiration and crop growth; equals allowable soil water 
deplecions; mm/m soil depth 

REFERENCE CROP EVAPOTRANSPIRATION, ETo: rate of evapotranspiration from an extended 
surface of 6 te 15 cm tall, greer. grass cover of uniform height, actively growing, completely 
shading the ground and net short of water; mm/day 

REFLECTION COEFFICIENT, also called aibedo,a : ratio between the amount of shortwave 
radiatica received at the earth's surface and that reflected back 

RELATIVE HUMIDITY, RH, RHmax, RHmin: actual amount of water vapour in the air relative to the 
amount of water vapour the air would hold when saturated at the same temperature; RHmax: mean 
of mavimum RH of each day over the period considered; RHmin: mean of minimum RH of each day 
ever the period considered; percentage 

ROYATIONA] SUPPLY: supply of water rotated amongst laterals, sub-laterals or field inlets at 
varied intervals : 

SATURATION VAPOUR PRESSURE, ea: upper limit of vapour pressure at or when air is saturated 

- at given air temperature; millibar , 

SEASONAL IRRIGATION REQUIREMENTS: total depth of water, minus contribution by precipitation, 
groundwater, stored 5011 water, surface runoff required for normal crop growth during the crop 
greving season; mm and periou : 

SCIL HYDRAULIC CONDUCTIVITY, k: rate of water flow through a unit cross-section of the soil 

_ under aumit hydraulic gradient; also called permeability or transmission; mm/day 

SCL INTAKE CIN FILTRATION) RATE: instantaneous rate at which water will enter the soil 

SOUL SF ECiP IC Seen Y, As: ratio of the weight of water-free soil to its volume; also called 
butik density; g/cm 

SULL STRUCTURE: arrangement of soil particles into aggregates which occur in a variaty of 


4 ee lized shapes, sizes and strengths 

ae TE (ae Ee characterization of soilin respect of its particle size and distribution 
= iL. ER CONTENT: depth of water heid in the soil; mm/m soil depth 

ey a. 


ATER DEPLETION FRACTION, p: fractien of availiable soil water (Sfc-Sw) that can be 

sete ny. the crop permitting unrestricted evapotranspiration and crop growth: fractien 

SC 1 Wal ER STRES 3: sun of soil water tension and osmotic pressure to which water must be 

; a pe biected to be in equilibrium with soil water; also called soil water potential: atmosphere 

OTL WATER TENSION: force at which water is held by the soil or negative pressure or suction 
that inust be applied to bring the water in a porous cup into static equilibrium with the water in 
4@ S01.; 301. water tension does not include osmotic pressure; also called matric potential; 
aimospnere ‘ 

SOLAR RADIA sION, Rs: ameunt of shortwave radiation received on a horizontal plane at the 
earth's surface; equivalent evaporation mm/day 
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STORED SOIL WATER, Wb: depth of water stored in the root zone from earlier rains, snow or 
irrigation applications which partly or fully meets crop water requirements in following periods; 


mm 
STREAM SIZE, q: flow selected for supply to field inlet or irrigation block; 1/sec or m°/ sec 
SUNSHINE HOURS, n: number of hours of bright sunshine per day, also sometimes defined as the 

duration of traces or burns made on a chart by Campbell Stokes recorder; hours 

SUPPLY DURATION, t or T: length of time during which a given stream size is delivered to the field 
or farm (t) or irrigation block (T) during any part of the irrigation season; hour or day 

SUPPLY DURATION FACTOR, ft: is T/lor for a fixed or constant canal discharge the ratio between 
gupply duration in days and the supply interval in days during any part of the irrigation season; 
raction 

me tees FACTOR, fs: is Q/Qmax or ratio between actual and maximum possible supply in m?/sec; 
raction 

SUPPLY INTERVAL, i or I: time interval between the start of successive irrigation supplies at 
field or farm (i) irrigation block or sector (1); days 

SUPPLY ON DEMAND: irrigation water supply to satisfy need for irrigation water at any stream size, 
duration and interval during the growing season 

SUPPLY REQUIREMENT FACTOR, fi: is V/Vmax or ratio between average daily supply require- 
ment over a given period and maximum daily supply requirement during the period of peak water 
use in mY/day; fraction 

SUPPLY SCHEDULE: stream size, supply duration and supply interval of irrigation water supply to 
field or irrigation block, during the growing season 

TENSIOMETER: a device for measuring the tension of soil water in the soil consisting of a porous, 
permeable ceramic cup connected through a tube to a manometer or vacuum gauge 

TOTAL AVAILABLE SOIL WATER, Sa=(Sfe - Sw): depth of soil water available in the root zone to 
the crop; difference between field capacity and wilting point; mm/m soil depth 

TRANSPIRATION: rate of water loss through the plant which is regulated by physical and physio- 
logical processes; mm/day ; 

WET BULB TEMPERATURE, Twetbulb: temperature recorded on a thermometer whose bulb is 
surrounded by a wet muslin bag, thus lowering the temperature by loss of latent heat through 
evaporation; degree Celsius 

WET BULB DEPRESSION: difference between simultaneous readings of wet and dry bulb thermo- 
meters; degree Celsius 

WILTING POINT, Sw: depth of soil water below which the plant cannot effectively obtain water from 
the soil; soil water content at 15 atmospheres soil water tension; mm/m soil depth 

WINDSPEED, U2: speed of air movement at 2-m above ground surface in unobstructed surroundings;. 
mean in m/sec over the period considered, or total wind run in km/day 
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